Current deflection NDE for pipe inspection and monitoring by Jarvis, Rollo
IMPERIAL COLLEGE LONDON
CURRENT DEFLECTION NDE FOR PIPE
INSPECTION AND MONITORING
by
Rollo Jarvis
A thesis submitted to Imperial College London for the degree of
Doctor of Engineering
Department of Mechanical Engineering
Imperial College London
London SW7 2BX
October 2017

For my parents
Abstract
The detection of corrosion on insulated and/or coated pipes in the oil and gas
industry remains a challenge. Routine inspection, which is commonly achieved with
in-line tools known as “pigs”, is not possible where there is any risk of the pig becom-
ing stuck. There are thousands of kilometers of pipe worldwide deemed “unpiggable”
whose safety must be ensured using Non-Destructive Evaluation (NDE) external to
the pipe if potentially catastrophic failure is to be avoided.
Many NDE techniques lack sufficient sensitivity due to the coating thickness
producing a high standoff distance between the pipe and the sensor and therefore
require costly and time-consuming removal of the coating. A method capable of
detecting and/or monitoring of defects (e.g. one-third-wall depth corrosion) while
leaving the insulation/coating intact would be highly attractive. This thesis docu-
ments the development of a technique in which a low-frequency AC current is di-
rectly injected into the pipe at distant locations, and perturbations in the magnetic
field caused by “current deflection” around defects are measured using solid-state
magnetic sensors. Two methods of applying this novel technique were investigated.
Firstly, scanning the sensors to measure perturbations in the field and screen for
defects, and secondly, permanently installing sensors outside the pipe for Structural
Health Monitoring (SHM).
A Finite Element (FE) model has been developed and used to investigate the
practical challenges that are faced by the technique and how these may be overcome.
The sensitivity of the technique for defect detection by external pipe scanning in
a practical scenario has then been evaluated using a model-assisted Probability of
Detection (POD) framework that combines the measurements of the signal from
an undamaged pipe with synthetic damage profiles and contributions from general
corrosion and sensor misalignment. The results indicate that good performance is
expected for damage detection by scanning above a typical insulation thickness with
just a few amps of injected current.
A similar framework has then been used to evaluate the sensitivity of the tech-
nique as an SHM solution which suggests excellent corrosion detection performance
with the permanent installation of inexpensive magnetic sensors. The technique
has potential advantages over competing methods in both scanning and monitoring
modes and there are many opportunities for future development.
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1 | Introduction
BP plc. is one of the largest energy companies worldwide, producing over 14 million
tonnes of petrochemicals per year and operating in over 70 countries. The business
model spans the entire supply chain from oil and gas exploration and extraction to
manufacturing, trading, transporting, and marketing the products. BP’s renewable
energy business is also the largest among its oil and gas peers. BP operates thou-
sands of kilometres of pipelines which transport the extracted oil and gas between
facilities. Ensuring the structural integrity of this infrastructure is essential to pre-
vent environmental and financial loss, and even loss of life that could follow a pipe
failure.
1.1 Industrial Motivation
Petrochemical pipes can be broadly categorised into either “pipelines” which carry
hydrocarbons between facilities and are typically a single conduit, or “piping” which
describes all pipes contained within a processing facility. Piping is typically smaller
in diameter than pipelines, and can include multiple pipes in close proximity, on
inaccessible racks, or buried for sections. Non-Destructive Evaluation (NDE) should
be applied to both types of pipe in order to find and evaluate defects that have the
potential to compromise their service lifetime.
Corrosion has been established as the major cause of pipeline failure (Brondel
et al. 1994) and the most common way of screening for corrosion is with the use of
so-called “smart pigs” - tools that are passed through the body of the pipe containing
sensors that are able to provide a direct indication of the wall condition of the pipe
(Quarini et al. 2007). The infrastructure of many pipelines and nearly all facility
piping does not support the use of a pig due to the potential for it to become stuck
at sharp bends or diameter changes. Other reasons for a pipe to be “unpiggable”
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include the inability to launch or retrieve the device, low pressure or turbulent
flow unsuitable for propelling the device, the presence of features such as valves, or
internal coatings. In such cases, the application of an NDE technique external to
the pipe is required (Burkhardt, Goyen, et al. 2008).
Pipes are often coated and/or clad for corrosion resistance, insulation and pro-
tective purposes (Sloan 2001), and many applicable NDE techniques require the
removal of this coating and cladding in order to achieve a satisfactory sensitivity to
defects. It is also desirable to perform NDE when the component being tested is in
service to prevent any loss in production of oil or gas. Within the Research Centre
for Non-Destructive Evaluation (RCNDE) (UK Research Centre in NDE 2017), a
consortium of British universities and industrial partners, it was identified that there
are few techniques that could meet these requirements for in-service defect detection
while maintaining the pipe coating, insulation and/or cladding intact. A literature
review was therefore performed which analysed the potential for development of any
of these techniques. The review revealed that a number of NDE methods had in-
herent attractive properties, and there was scope to develop a new hybrid technique
with capabilities suited for application coated/insulated pipes.
The technique, similar to the Alternating Current Field Method (ACFM) and
Direct Current Potential Drop (DCPD), was termed a “current deflection” method.
It had showed promising results based upon the previous activities of RCNDE mem-
bers (Nagy 2012a); however, its relative performance over existing NDE methods
was unknown, and the suitability for deployment in the petrochemical industry was
uncertain. The potential for permanently installing a relatively large number of
magnetic sensors had also recently been made possible by recent advances in high-
sensitivity, low-cost magnetic sensing technologies, so there was significant interest
in exploring the possibility of operating the current deflection method as a Structural
Health Monitoring (SHM) solution. In a parallel project in collaboration with the
University of Warwick, research was conducted on an NDE technique that claims to
exploit a relationship between stress and magnetisation known as the Magnetome-
chanical Memory method (MMM). Although this research does not form part of this
thesis, it informed the review of other techniques, and journal articles documenting
the work are reproduced in the appendix of this thesis. The author contributed the
FE modelling sections of these research articles and aided with the processing of the
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raw measurement data.
1.2 Aims and Objectives
1. To explore the potential electromagnetic current deflection technique for NDE
of unpiggable pipes, analysing its capabilities for use in NDE via defect screen-
ing by scanning and in Structural Health Monitoring (SHM) using permanently
installed sensors.
2. To develop a methodology for analysing the performance of the technique, in
both scanning and monitoring modes of operation, and to provide an estimate
of the sensitivity.
3. To understand the limitations of the technique and the reasons for these.
4. To determine whether or not the technique has significant strengths in com-
parison to existing methods and if so, to determine the next steps in the
development of the method.
1.3 Thesis Outline
The thesis is structured as follows.
• Chapter 2 provides an outline of currently available NDE techniques for the
inspection and monitoring of difficult-to-inspect pipes, focussing mostly on
electromagnetic techniques. The fundamentals of the electromagnetic theory
that underpin this research are also introduced.
• Chapter 3 introduces the current deflection technique that is the core research
of this thesis. The methodology for laboratory experiments and Finite Element
(FE) models of the method are introduced and validation of the model is
presented.
• Chapter 4 explores a number of the potential challenges that must be overcome
if implementing the current deflection technique into the field.
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• Chapter 5 introduces a flexible framework for analysing the performance of
the current deflection method used in scanning mode, and presents example
Receiver Operating Characteristics (ROC) for the technique.
• Chapter 6 outlines a framework to provide performance analysis of the tech-
nique used for SHM and gives an estimate of the sensitivity in a practical
setting.
• Chapter 7 concludes the main findings of the thesis and the contributions from
academic and industrial standpoints.
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piggable Pipes:
A Review of Literature
In order to determine the focus of the key research questions for the development
of the technique at the subject of this thesis, it is first necessary to assess the gaps
in the capabilities of existing NDE for unpiggable pipelines. This was realised by
performing a comprehensive literature review which is summarised in this chapter.
A greater emphasis has been placed on the descriptions of electromagnetic NDE be-
cause this thesis focusses on the development of an electromagnetic NDE technique.
This chapter is categorised based upon the underlying physics on which the NDE
is based. In the first category, “Magnetic Methods”, techniques that are based purely
upon magnetic theory with no electrical currents are discussed. These include tech-
niques based upon leakage of a magnetic flux inside the material at the location of a
defect; techniques that rely on a complex interaction between stress and magnetisa-
tion, and also on microscopic changes in the magnetic structure of a material during
magnetisation.
The second category “Electromagnetic Methods” concerns techniques based upon
the theory of electromagnetic induction. To preface this section, a brief discussion
of the most important concepts of electromagnetism from an NDE standpoint is
given. Of particular importance is the “skin effect” which describes the frequency
dependence of current distribution in a conductor. Although the induction and
sensing mechanisms vary between techniques, defect detection is fundamentally en-
abled because a flaw will disturb the flow of current in the conductor. The first set
of NDE methods discussed are called “Eddy Current” (EC) techniques, the most
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well-established of the electromagnetic methods which are based on the induction
of localised fields within the sample. The alternating current field method is then
described, which stems from eddy current testing but instead induces a more uni-
form field in the sample. Also, techniques that directly inject a current into the
sample and measure variations in the induced field are discussed (potential drop
and NoPig), as well as an emerging technology - magnetic response imaging.
The final section discusses non-electromagnetic methods that are available for
NDE of unpiggable pipes. Acknowledgement of the capabilities and weaknesses of
these techniques are important when guiding the development of the electromagnetic
method explored within this thesis.
2.1 Magnetic NDE Methods
2.1.1 Magnetic Particle Inspection and Magnetic Flux Leak-
age
One of the most widely used magnetic NDE methods is Magnetic Particle Inspec-
tion (MPI). The technique relies on the difference in magnetic permeability of the
material and surrounding medium. The sample being tested must first be brought
to a level of magnetisation so that it exists in the region in the upper-right or lower-
left parts of its magnetisation curve. This is where dB
dH
is decreasing near the point
of magnetic saturation and is indicated by the black dot and the shaded areas on
Fig 2.1. Magnetic saturation ensures that the presence of a defect causes the internal
magnetic flux to leak out of the material and spread out due to the lower perme-
ability of the surrounding medium (it can not support as much magnetic field) (Shi
et al. 2015; Sposito 2009).
The “leakage flux” can be detected by various methods to indicate the location
of a defect. Fluorescent magnetic particles suspended in a solution can be applied
to the material to aid visual identification of flaws (MPI inspection) (Brondel et al.
1994). Alternatively, the leakage flux can be detected using magnetic sensors, in
which case the method is termed Magnetic Flux Leakage (MFL). MFL is commonly
deployed on In-Line Inspection (ILI) tools, and the need to magnetically saturate
the pipe wall means that only a small standoff (the distance between the sensor and
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Figure 2.1: Hysteresis curve of a ferromagnetic material. The region reaching magnetic
saturation is shaded in grey, where the magnetic permeability µ approaches unity. Cutaway
shows a zoom of the hysteresis curve showing Barkhausen effect.
the sample) can be tolerated. Although testing is not limited to surface-breaking
defects, sensitivity is reduced in thick-walled pipes due to the difficulty of achieving
magnetic saturation (Shi et al. 2015). Conversely, MPI must be performed on bare
metal and is only sensitive to surface-breaking and near-surface cracks due to the
need for visual inspection of the fluorescent magnetic particles. The techniques are
most sensitive to defects that lie in the plane orthogonal to that of the magnetic
flux (circumferentially oriented defects in pipelines). The detection of narrow axially
oriented defects often requires an orthogonal rotation of the magnetic flux which can
be practically challenging (Shi et al. 2015). As with some of the other techniques
explored in this chapter, the sizing and characterisation of defects requires compar-
ison to a model. Although there have been many laboratory studies of MFL, its use
in practice is limited owing to the much more challenging industrial conditions (Shi
et al. 2015).
MFL has been proposed for use in traditionally unpiggable pipes via articulated
ILI tools with collapsible diameters (Beugen 2009; Foster-miller et al. 2004; Kim
et al. 2013); however, their use in industry is unproven and restrictions for access
still apply. Pulsed MFL has been suggested as an alternative MFL method that
is tolerant to a greater standoff (Wu et al. 2017). In this method, the MFL probe
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is driven by a pulse which allows information from different thicknesses to be ex-
tracted due to the electromagnetic skin-effect (Wu et al. 2017). Pulsed Magnetic
Reluctance (PMR) is a complementary technique that has been designed for use
together with pulsed MFL to detect and size sub-surface defects in ferromagnetic
material, although further research is required before industrial deployment (Wilson
et al. 2007).
Within the rail industry, MFL has been used for the inspection of rail heads
by using two contact brushes to inject a large amount (∼kA) of low-voltage direct
current into the rail, and detecting the leakage flux from the induced magnetic field
with a search coil (Clark et al. 2009; Harcourt et al. 1935). The technique was not
successful in detecting transverse fissures that were aligned parallel to the induced
field, and the high amplitude current could interfere with the railway signalling (Rail
Inspection 2017).
Magnetic Flux Exclusion
In the early 1980’s BP and Harwell NDT centre began developing a magnetic NDE
technique capable of finding half-wall depth pitting corrosion in 6 mm thick storage
tanks in petrochemical plants (Saunderson 1988). Due to the size of the tanks
and the localised nature of the target defects, which appear on the blind side of
the tank, ultrasonic thickness inspection was prohibitively time consuming. Eddy
currents were unable to penetrate to the far side of the tank unless the frequency was
so low that the inspection became very slow. Floor scanners have been produced
that use a permanent DC magnetic field to bring the ferromagnetic tank floor close
to magnetic saturation. An array of magnetic sensors is then used to detect regions
in which there is wall thinning caused by corrosion which results in the magnetic
field within the plate to leak out and register as a signal. Although this technique
is referred to as Magnetic Flux Exclusion, its working principle is identical to MFL
(Hobbs 1997).
2.1.2 Barkhausen Noise
During the hysteresis cycle of a ferromagnetic material, the magnetic domain walls
undergo a random sequence of discontinuous rearrangements. Before a domain wall
can reorient with the external magnetic field, it must overcome local obstacles at
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pinning sites such as dislocations or inhomogeneities. When the domain has suffi-
cient energy, it will suddenly reorient to a new position. These rearrangements give
rise to small, sudden changes in the bulk magnetisation that are known as Mag-
netic Barkhausen Noise (MBN), and appear as steps in the hysteresis curve shown
in Fig. 2.1 (Stefanita 2008). The stress distribution and microstructure (e.g. dis-
location distribution) have influence on the MBN, therefore forming the basis for
an NDE technique. The signal can be measured by detecting MBN using magnetic
sensors (typically simple search coils) that are either positioned above the test piece,
or encircling it. MBN typically originates from only the top 30 µm of the material.
Although MBN is not an effective method of detecting corrosion on pipes, it
can be complementary to MFL by aiding the interpretation of the signals. The
stress affects the MBN through various factors, which can be difficult to separate.
Barkhausen testing requires highly skilled and experienced operators to interpret
the complex signals. It can also only operate effectively at low standoff.
2.1.3 Magnetomechanical Memory Method
The Magneto-Mechanical Memory (MMM) method, also referred to in some liter-
ature as Metal Magnetic Memory method is a passive technique in that it requires
no external fields or currents. The technique relies on the measurement of pertur-
bations in the Earth’s magnetic field that may appear due to multiple stress cycles
via a phenomenon known as the magnetomechanical effect (Dubov 2007, 2016; Jiles
1999; Suárez-Ántola et al. 2014).
Wang et al. have claimed to have developed a linear model that describes the
relationship between stress concentrations and the magnetic signals measured in
MMM (Wang et al. 2010); however, Jiles notes the difficulty of creating an accu-
rate model of the magnetomechanical effect due to difficulty of modelling hysteresis
in ferromagnets, particularly in the demagnetising effects due to finite geometries
which makes it difficult to distinguish whether a signal is due to geometrical effects
or a change of sample properties (Jiles 1988, 1998). Without an accurate model,
false calls would be a significant problem. Augustyniak concludes that it is im-
possible to form a bidirectional correlation between the local material stress and
magnetic field level as the magnetic field depends on a number of inseparable fac-
tors (Augustyniak et al. 2015). Other published reports have found the technique to
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be unreliable (Arkulis et al. 2009). The author was involved in a parallel RCNDE
project with Warwick University which studied MMM in more detail. The research
paper resulting from this project can be seen in the appendix of this thesis (Z. Li,
Dixon, Cawley, Jarvis, Nagy, and Cabeza 2017).
2.1.4 Magnetic Tomography Method
The Magnetic Tomography Method (MTM), also occasionally referred to as Stress
Concentration Tomography (Spier Hunter Limited 2014), is a passive NDE method
claiming detectability of defects at a significant distance from the pipe by mea-
suring magnetic field anomalies due to regions of high mechanical stress, although
the sensitivity is low (Liao et al. 2011; Mirzoev et al. 2016). This phenomenon is
described by the magnetoelastic effect and the magnetomechanical effect, similar
to MMM. The claimed applications of MMM include pipeline, rail and boiler in-
spection, whereas MTM solely describes the technique of remotely scanning buried
pipelines from ground-level, or using a Remotely Operated Vehicle (ROV) in the
case of subsea pipelines (Kolesnikov 2014).
There is very limited peer-reviewed literature surrounding MTM. The vast ma-
jority of publications are in the form of marketing leaflets, websites and presenta-
tions. For this reason, there has not been a thorough analysis of the theory which
underlies the technique, although a conference paper by Liao et al. confirms that
the method relies on the magnetomechanical effect (Liao et al. 2011). There are
multiple reports that the technique has a high false call rate and an inability to size
or characterise defects (Mirzoev et al. 2016).
A field test has been completed by the company Transkor-K comparing ILI with
MTM performed for TNK-BP in 2009 on 2 BP pipelines from the Samotlor oilfield
(Bradley 2009). In a test of oil pipeline BPS 32-BPS 24, MTM had a Probability of
Detection (POD) of 11% and Probability of False Alarm (PFA) of 18.6% which is
deemed unacceptable. The uncertainty in the defect locations required over 500 m
of unnecessary excavation. A similar test on pipeline BPS14-BCCP produced a PoD
of 45% and PFA of 85%. It is clear from these field studies that the accuracy and
capabilities of MTM is far over-sold and, in its current form, it is not a replacement
for in-line inspection. A recent study that the author collaborated on highlighted
that the large false call rate is likely due to the presence of ferromagnetic objects in
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the path of the pipeline (Z. Li, Jarvis, et al. 2017). The interested reader is referred
to the appendix for the complete research article.
2.2 Electromagnetic Methods
The techniques discussed in this section are based upon the physics of electromag-
netic induction. The fundamental equations to describe electromagnetism were for-
mulated by James Clerk Maxwell. Written in their differential form and in magnetic
materials, they are Ampère’s law:
∇×H = J + ∂D
∂t
(2.1)
where H is the magnetic field, J is the current density and D is the electrical
displacement field; Faraday’s law:
∇× E = −∂B
∂t
(2.2)
where E is the electric field which is related to the electrical displacement field by the
constitutive equation D = εE where ε is the electric permittivity, and the current
density by J = σE where σ is the electrical conductivity. B is the magnetic flux
density which, in conducting materials, is related to the magnetic field by B = µH
where µ is the magnetic permeability that can be expressed as the product of the
relative permeability µr and the permeability of free-space µ0. Gauss’ law for electric
charges states
∇ ·D = q (2.3)
where q is the charge density and finally Gauss’ law for magnetic monopoles:
∇ ·B = 0 (2.4)
Faraday’s law describes how a time-varying magnetic field will always be accompa-
nied by a spatially varying, non-conservative electric field, and vice versa. It also
follows that a changing magnetic field will induce an electric current in a nearby
conductor known as an “eddy current”. According to Lenz’s law, the direction of
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this current flow is such that its corresponding magnetic field acts to oppose the
change in magnetic flux that produced it. The time derivative in Faraday’s law tells
us that the amplitude of the eddy current is proportional to the rate of change of
flux, so electromagnetic induction is more effective as the frequency of the field is
increased.
In practice we frequently consider sinusoidally varying currents, so it is useful to
consider the time-harmonic solutions of Maxwell’s equations which explain electro-
magnetic wave propagation. The magnetic and electric fields can be written using
complex wave notation as H = H0eiωt and E = E0eiωt with angular frequency ω
and complex amplitude H0 and E0. These can then be substituted into equations
2.1 and 2.2 then rearranged to give the general electromagnetic wave equations:
(∇2 + k2)E = 0 (2.5)
(∇2 + k2)H = 0 (2.6)
where k2 = −iωµ(σ + iωε). In conducting materials at all frequencies relevant to
electromagnetic NDE, σ is generally much greater than ωε, therefore the wavenum-
ber is complex and has real and imaginary parts with magnitude k =
√−iωµσ.
Considering a plane wave propagating into a conductor in the z direction, the solu-
tions to the wave equations 2.5 and 2.6 are
E = E0e−kzei(kz−ωt)ex (2.7)
H = H0e−kzei(kz−ωt)ey (2.8)
These waves are orthogonal to one another and transversely polarised with respect
to the propagation direction. It is apparent that the amplitude of the wave decays
exponentially as it propagates through the conductor. The skin depth, δ can then
be defined as
δ =
1
k
=
1√
pifµσ
(2.9)
where f = ω
2pi
. The skin depth denotes the distance into a conductor for which the
amplitude of the propagating wave reduces by a factor of 1
e
or ∼37 %. Due to the
dependence on σ and µ, δ is much smaller for highly conducting and magnetically
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permeable materials that can support higher amplitude eddy currents and a greater
induced flux to oppose the external flux change that produced them.
2.2.1 Eddy-Current Testing
Eddy current testing is perhaps the most widely used of all the electromagnetic
NDE techniques. Eddy currents are induced in a conducting material when there is
a change in flux density in the material and these currents flow in a direction which
acts to reduce the change or motion that causes them. The secondary magnetic field
produced by eddy currents therefore opposes the primary magnetic field, and the
range of the primary magnetic field is reduced with respect to the undisturbed case.
The region in the range of the primary magnetic field is known as the “near-field”.
The electromagnetic perturbation here also causes a diffuse electromagnetic wave
to propagate (especially in geometries that act as wave guides like pipes) that can
interact with defects that are out of range of the primary magnetic field. This region
is labelled the “remote-field”.
The frequency of operation determines the depth of sensitivity to defects accord-
ing to the electromagnetic skin effect. There are a number of configurations of eddy
current techniques that interact with either the near-field or the remote-field and
use a single-frequency, a multi-frequency or a pulsed input. Each of these will be
discussed briefly in terms of their relevance to the NDE of unpiggable pipes. As well
as defect detection, eddy current techniques can also be used for thickness gauging of
metals or coatings; conductivity or permeability measurements or texture, hardness
and residual stress measurements. Eddy current testing is non-contact and therefore
alleviates the problems associated with coupled techniques namely the need for a
smooth surface and good coupling in the case of piezoelectric ultrasonic testing.
Near-Field Eddy Current Testing
Near-field eddy current testing describes an excitation in a primary probe coil that
is brought close to a conducting material so that eddy currents are induced. The
technique relies on defects in the conductor changing the eddy current distribution
which therefore affects the electrical impedance of the primary coil. The impedance
can be monitored on an oscilloscope or screen and characteristic patterns allow the
operator to locate and size defects. The primary coil in near-field eddy current
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probes is typically driven at 100 Hz−MHz which limits the current distribution to a
layer at the surface of the material due to the skin effect meaning the technique is
most effective at detecting surface breaking defects. The probe excitation can either
be at a single frequency, or multiple frequencies can be investigated in a sweep to
probe deeper into the material, or to optimise the test to measure conductivity or
permeability variations.
Near-field eddy current probes are sometimes used in ILI tools; however, there
are potential issues when testing pipes externally. The majority of petrochemical
pipes are ferromagnetic, which makes them significantly more difficult to test than
non-magnetic materials due to the magnetic permeability variations affecting the
signal. The thermal and mechanical history can cause strong inhomogeneity in the
magnetic permeability of the pipe so, for materials with very high permeability, it
is sometimes favourable to bring them to magnetic saturation such that the relative
permeability falls to unity (Sposito 2009). Although the technique is non-contact,
the sensitivity will be too low at the large standoffs associated with typical pipe
coating/insulation thickness. For these reasons, conventional near-field eddy current
testing cannot realistically be used as an NDE method to inspect pipes outside of
insulation.
Pulsed Eddy Current Testing
The principles of operation in Pulsed Eddy Current (PEC) testing remain the same
as previously described, however a step current voltage pulse is used to excite the
primary coil rather than an alternating current. Due to Fourier theory, the mag-
netic field response to the excitation pulse contains information at many different
frequencies which is useful due to the skin effect dictating that penetration is fre-
quency dependent. It is therefore possible to use this frequency information to learn
more from the sample being tested. The signal response is plotted in the time do-
main which allows depth gauging of defects as indications closest to the primary coil
will be seen earliest in time. A reference signal is obtained and subtracted from the
received signal to mitigate uncertainties and ensure that changes in the total sig-
nal are solely from dimensional changes, defects and conductivity variations. PEC
testing can obtain information from multiple frequencies in a much shorter time
than performing the equivalent individual EC tests at different frequencies (Crouse
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2014); however, multiple single frequency tests combined with phase-sensitive de-
tection offers the best signal to noise ratio at the cost of increased test time (Nagy
2011).
There have been recent attempts to adapt PEC techniques for inspection of un-
piggable pipelines. Collapsible ILI tools have been developed that are able to pass
through traditionally unpiggable regions of pipe (Plotnikov et al. 2008). External
application is also possible while leaving the coating and cladding intact so long as
the nature of the pipe wall and cladding is known adequately (Cheng 2012). Due
to the reduced power consumption of a short pulse in comparison to the equiv-
alent sinusoidal signal with the same large excitation current, PEC can support
higher excitation pulses that allow testing at a much greater standoff than conven-
tional probes. Certain cladding types such as ferromagnetic galvanised steel make
measurement difficult (Cheng 2012). It is also only possible to ascertain the wall
thickness averaged over the probe footprint, which is typically tens of mm in di-
ameter. Li et. al determined that improved performance to subsurface degradation
can be realised by measuring the gradient of the magnetic field using a pair of
magnetoresistive sensors rather than measuring the net field (Y. Li et al. 2016).
Remote Field Eddy Current Testing
Remote Field Eddy Current (RFEC) inspection is most applicable to the testing of
pipelines as relatively long lengths of conductor can be tested from a single location.
Low frequency (<100 Hz) currents are used to ensure full penetration of the pipe
wall. The schematic diagram in Fig. 2.2 shows that eddy currents flow from the inner
pipe wall at the excitation coil and then predominately along the outer surface of
pipe with their amplitude decaying exponentially (Atherton 1995; Nagy 2011).
A detector coil or an array of solid state sensors is placed in the remote field zone
which is typically axially separated from the excitation coil by more than two pipe
diameters. Changes in the signal (amplitude and phase) received in this remote
field zone indicate the presence of a defect somewhere along this distance. Wall
thickness loss can be determined due to its approximately linear relationship with
the phase shift, although accuracy is limited to the correctness of calibration with
respect to reference pipes (Nagy 2011). The technique is primarily implemented on
magnetic pigs which run though the body of pipelines collecting large amounts of
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Figure 2.2: Schematic of the remote field eddy current method. The energy paths are
shown and the profiles of the magnetic field inside and outside the pipe that are used
to indicate the near and far field operating zones. D = pipe diameter. (Adapted from
Atherton 1995 with permission).
data at time. Disadvantages of this technique are its relative difficulty in detecting
axially orientated cracks which do not perturb the axially flowing remote current
to a significant degree (Atherton 1995). A higher power is required in relation to
conventional EC techniques owing to the lack of sensitivity due to the signal being
attenuated after travelling a large distance.
RFEC has also been applied to the testing of traditionally unpiggable pipelines.
Teitsma et al. planned to develop the technique by creating an internal RFEC device
with sensitivity comparable to that of MFL pigs, whose diameter was significantly
less than the inner wall diameter of the pipe thereby avoiding the risk of becoming
trapped (Teitsma 2004). Similar efforts have been attempted by other researchers,
who demonstrated good performance for the detection of metal loss defects in tra-
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ditionally unpiggable pipes with prototype systems (Burkhardt, Goyen, et al. 2008;
Laursen et al. 2010); these, however, still require internal access to the pipe.
Saturated Low Frequency Eddy Current Method
The Saturated Low Frequency Eddy Current (SLOFEC) method aims to improve
the detection capability of MFL by using active eddy current sensors in place of
conventional Hall-effect sensors, resulting in approximately double the upper wall
thickness limit of MFL (Bönisch 2000). Furthermore, phase information from the
sense coil can be used to determine the defect type. SLOFEC requires a DC mag-
netic field to saturate the pipe so that induced eddy currents can penetrate to the
inner surface of the material. An increase in standoff results in a reduction of the
amplitude of the eddy currents and the magnitude of the DC field present in the
sample. For this reason, if a significant standoff (>30 mm) is to be tolerated, the
size and power requirements of the testing equipment quickly becomes prohibitively
large (Bönisch 2000; Raad et al. 2002).
Rotating Permanent Magnetic Inspection
A new eddy-current technique has been designed with the inspection of unpiggable
pipes in mind. The Rotating Permanent Magnetic Inspection (RPMT) technique
describes a rotating permanent magnet which induces an eddy current that flows
within the pipe (Nestleroth and Davis 2007; Nestleroth, Davis, and Flamberg 2006).
Metal loss anomalies are then detected by measuring perturbations in the induced
magnetic field from the eddy current flow using an array of hall-effect sensors inside
the pipe. A lock-in amplifier is used to measure at the angular frequency of the
magnet rotation which is typically 5 Hz. The sensors are separated from the rotating
magnet by more than one pipe diameter, so the measured field is predominantly the
induced field from the eddy currents and not the primary field from the rotating
magnets.
The diameter of the rotating magnet configuration can be small with respect
to the pipe bore, which potentially allows the construction of a flexible ILI tool
that is unrestricted by obstructions affecting traditional pigs. As with many of the
techniques designed for ILI of unpiggable pipes, future development of the technique
is required before a commercial system is made available, and not all restrictions
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are removed (e.g. the need to launch/trap the tool).
2.2.2 Alternating Current Field Method
The Alternating Current Field Method (ACFM) was initially developed as a non-
contact potential drop method that allowed the detection and sizing of surface
breaking cracks by making an electric current flow in the surface of the sample and
measuring current deflection around defects by monitoring changes in the induced
magnetic field (Lewis et al. 1988; Lugg 2012). During the initial development of the
technique, the current was introduced by direct injection; however, electromagnetic
induction of a high-frequency current is now far more common (Nagy 2012a). The
high frequency of the current (typically around 20 kHz) limits it to a thin layer at
the conductor surface and therefore ACFM generally only provides sensitivity to
surface-breaking defects. The technique can be applied outside of a coating up to
10 mm thick (LeTessier et al. 2002), is fast and does not require instrument calibra-
tion before use (Nagy 2012b).
A visualisation of the current distribution on the surface of a conductor is shown
in Fig. 2.3a. If a flaw is present whose orientation is perpendicular to the current
flow, then the current will be forced to flow around it. This change in the current
distribution will modify the induced magnetic field surrounding the defect. Fig-
ure 2.3b shows the horizontal or x component of the induced magnetic flux density
measured during a scan across the defect at some small standoff distance above the
plate. This component maps the current density distribution, so maxima in the sig-
nal appear at the edges of the defect, and a minima above the defect centre. Away
from the defect, the magnetic flux density tends to a baseline value of Bx0. The
out-of-plane magnetic flux density response is shown in Fig. 2.3c. A bipolar signal
is produced due to the rotation of the current around the defect, which tends to zero
as the distance from the defect is increased and crosses zero at the defect centre due
to symmetry. In ACFM scans Bx is often plotted against Bz to produce a “butterfly
plot” as shown in Fig. 2.3d, named after the shape it forms. This is advantageous
as it ensures that the measurement is independent of the probe speed.
If a thin crack-like defect is oriented parallel to the direction of the current flow,
there will be very little current deflection; however, a measurable signal is often
still received due to the leakage of the magnetic flux in the sample at the edges
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of the defect. This effect only occurs in ferromagnetic materials as they are able
to support a significant magnetic flux density (Lugg 2004). For larger volumetric
defects, or cracks at an angle to the current flow, the received signal will be part
due to current deflection and part due to flux leakage. As these operation modes
give opposite polarity signals, there are cases where destructive interference can
reduce the received signal so, to avoid missed defects, it is recommended to scan in
orthogonal directions.
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Figure 2.3: (a) Current density distribution on a conducting block with a semi-ellipsoidal
defect. Black arrows show direction of the current flow. (b) Bx (c) By and (d) butterfly
plot measured along the dotted line in (a) that bisects the defect and contains the solid
and open markers for reference.
ACFM can be applied to pipe inspection following the same concepts shown in
Fig. 2.3 and modifying the coordinate system from Cartesian to cylindrical. The
crack sizing capabilities of ACFM follow from the understanding of the measured
signals by using theoretical models. The limited similarities between mathematical
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models and real-world defects leads to significant uncertainty in the categorisation
of defects (Lugg and Topp 2006; Sposito 2009), however it has been shown that
the technique is as accurate as MPI for detection, furthermore it can provide defect
depth information to ±15% accuracy (Lugg 2012).
The significant advantage of ACFM in comparison to potential drop methods
is that it is non-contact and can be used without the need to remove paint or
coating. It is also capable of both scanning and monitoring (by storing soft records
of defect data and looking for changes of the signal over time) (Energy Workforce
2014; Laenen et al. 2007). More recently, the development of ACFM arrays has
allowed more rapid inspection of larger areas (Lugg and Topp 2006). Lugg notes that
the development of algorithms describing the ACFM signals produced from Stress
Corrosion Cracking (SCC) would greatly improve the ability of ACFM to classify the
severity of SCC (Lugg and Topp 2006). There has been progress in the modelling of
ACFM signals to improve sizing capabilities. A model based inversion method has
been developed which sizes long cracks in ferrous metals. A de-convolution algorithm
was also developed which corrects for signals being measured at an unknown standoff
(Amineh et al. 2008).
There are a number of limitations of ACFM when considering its application to
the inspection of unpiggable pipes outside of insulation. The technique is typically
applied at a low standoff in order to maintain sufficient sensitivity while having an
inductively coupled current in the conductor, so thick insulation and coating would
still need to be removed. Also, the high frequencies of current being used restrict
the detection capability to solely surface breaking defects (LeTessier et al. 2002);
geometric variations can lead to false alarms; and the large sensor size can cause
limitations to access (Nagy 2012b).
2.2.3 Potential Drop Techniques
Potential Drop (PD) NDE is often used to size cracks (Sposito 2009). Two pairs of
electrode probes are used, one for current input and output and the other to measure
the potential drop, as shown in Figure 2.4 (Saka et al. 2006). The technique can be
categorised according to the type of current injected by one of the probe pairs.
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Figure 2.4: A potential probe configuration for potential drop measurements.
Direct Current Potential Drop
For this technique, a direct current is fed between the injection electrodes and the
potential drop is measured with the other pair. The injection electrodes must be a
sufficient distance away from the sensing electrodes in order to allow the current to
spread uniformly through the sample before reaching the defect. When there is metal
loss between the probes, the cross sectional area carrying the current decreases which
therefore increases the resistance and alters the measured potential drop. Changes
in conductivity also affect the signal. A baseline signal recorded in a defect-free area
of the sample is used to eliminate changes in the signal originating from factors not
of interest such as changes in temperature or fluctuations in the current (Sposito
2009).
Alternating Current Potential Drop
The electromagnetic skin effect can be exploited in order to increase the detection
performance of surface breaking defects. A low-frequency current that can penetrate
deep into the conductor will be largely unperturbed by the presence of a surface-
breaking defect in comparison to a high-frequency current that is forced to flow
around the defect. A greater potential drop and greater sensitivity is therefore
achieved in comparison to DCPD. In turn, a lower amplitude current is permitted,
often less than 1 A (Sposito 2009). The obvious drawback is that the high-frequency
current is unperturbed by sub-surface flaws, so care must be taken when selecting
the appropriate NDE solution. Using a low-frequency current combined with phase-
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sensitive detection enables increased performance while maintaining sensitivity to
sub-surface flaws; however, it is important to use a low enough frequency to ensure
that the skin depth is greater than the minimum flaw depth (Corcoran et al. 2016).
Potential drop techniques are unsuitable for scanning purposes as the contact
electrodes would need to move over the surface of the conductor which could cause
damage. Their main application is found in monitoring defect growth over time.
The requirement of potential drop techniques to be physically coupled to the pipe
severely limits their application in hard-to-reach pipes with coatings that cannot
easily be removed.
Field Signature Method
The Field Signature Method (FSM) is a modification of potential drop methods
that uses an array of probes, and a reference sample to compensate for temperature
effects. The technique claims increased sensitivity over PD and has been used to
monitor internal erosion, corrosion and cracking (Wold et al. 2007). Recently, the
ability to characterise pitting has been improved (Gan et al. 2016). Galvanic contact
with the conductor is required for both PD and FSM, hence insulation must be
removed and the methods are not suitable for scanning. FSM is also expensive to
implement (Santos et al. 2013).
2.2.4 NoPig
The “NoPig” method is an above ground inspection method aimed at identifying
corrosion on difficult-to-inspect buried pipelines carrying an injected electric cur-
rent. The technique was TÜV approved in 2005 and has been deployed in the field,
particularly in Germany and the Netherlands (Krivoi 2007). The method relies on
the fact that the magnetic flux density profile surrounding a pipe with metal loss is
frequency dependent due to the electromagnetic skin effect and stray magnetic flux
leakage (Krivoi 2008).
An AC current between a few Hz and a few hundred Hz and of the order of 10 A is
passed through the pipe between two injection points that have potential to be a few
kilometers apart. Where there is a defect in the pipe, some of the induced magnetic
flux from the current can no longer be contained within the steel pipe walls so it
instead flows out of the pipe and deforms the induced external magnetic field. The
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horizontal (azimuthal) component of the magnetic field is recorded at 1 m intervals
above the ground using sensors capable of measuring sub-nanotesla variations. The
current amplitude is also measured to determine the existence of “coating holidays”
(discontinuities in the coating) where current would leave the pipe. Figure 2.5 shows
a schematic diagram of the NoPig technique.
Figure 2.5: Schematic diagram of the NoPig method. (Reproduced from Krivoi 2007).
The significance of using AC current is that at higher frequencies (hundreds of
Hz), the current is restricted to only the pipe outer surface due to the electromagnetic
skin effect, whereas at low frequencies it flows through the entire wall thickness. In
the case of a defect-free pipe, the magnetic field lines are identical to those induced
by a thin wire carrying the same magnitude of current and running along the pipe
axis - referred to as the “virtual current axis”. The current distribution within the
pipe will change at locations with metal loss, which will alter the distribution of
the induced magnetic field. The measured location of the virtual current axis will
therefore shift, and indicate the presence of a defect. If the defect is located on the
pipe inner wall, only the low-frequency magnetic field will be affected because of the
skin effect. Conversely, if the outer wall has metal loss, the virtual current axis will
be perturbed for all frequencies. Measuring the amplitude of the magnetic field can
therefore reveal the presence of defects, and the frequency response of the field can
indicate their location on the pipe (Krivoi 2007).
The claimed minimum detectable defect has dimensions of 50 mm×50 mm and a
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metal loss of 50% and a standoff of 1.5 m or less. For depths between 1.5 m and 2 m,
this is increased to 150 mm×50 mm. No information about the defect morphology
can be inferred (Achterbosch et al. 2003). The amplitude of the magnetic field
decreases with distance from the current source, so pipes deeper than 2 m are not
considered inspectable. The distance between the sensor and the pipe is so large
that the technique is only sensitive to relatively large defects, and sensitivity can be
greatly affected by external influences such as busy roads, stray currents, adjacent
pipes and metal objects in the vicinity of the line (Achterbosch et al. 2003). The
technique being researched in this thesis is similar to the NoPig method; however,
the standoff is much lower which helps to limit these weaknesses. One aim of the
current research is to investigate the relationship between standoff and sensitivity.
2.2.5 Magnetic Response Imaging
“Magnetic Response Imaging” uses sets of coils wrapped around the pipe outside
of insulation and non-metallic cladding to measure the magnetic response of the
steel (Singer et al. 2013). An alternating current activates drive coils which create
a magnetic field that acts to align and oscillate the magnetic domains in the steel.
This in turn induces a detectable current in the sense coils (Singer 2013). In regions
of the pipe with corrosion damage or wall loss there are fewer magnetic domains,
therefore a lower response will be registered in the sense coils in comparison to
defect-free regions of the pipe. The electromagnetic skin effect can be exploited to
increase the sensitivity to either surface-breaking defects or inner-wall deterioration
by changing the excitation frequency (Singer 2013).
A linear trend has been observed between the signal loss and the mass loss frac-
tion of the pipe, allowing the severity of the corrosion to be estimated (Singer et al.
2013). Claimed advantages of the technique are that it can monitor insulated pipes,
can be used subsea and underground, and can measure metal loss up to 0.5% of the
cross-section (Singer 2013; Singer et al. 2013). The technique may also be employed
in scanning mode by mounting the sense and drive coils on a semi-circular tube and
moving this along the length of the pipe (Singer 2013). Temperature variations af-
fecting the magnetic response are corrected by monitoring the temperature near the
pipe with sensors, this temperature calibration typically takes between a day and
a week before taking measurements. Calibration of the technique is performed by
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comparison to a reference pipe which is new and has a known wall thickness (Singer
2013).
The technique claims to invert the magnetic signal to retrieve the mass-loss
fraction of the pipe; however, it is unclear how factors other than metal loss such as
material composition variation, residual stresses, or features that may give a similar
indication as corrosion could influence the measured signal. The claimed sensitivity
is also uncertain due to a lack of any published data or field trials.
2.3 Non-electromagnetic Methods
2.3.1 Ultrasonic Thickness Gauging
Ultrasonic transducers allow the wall thickness of a component to be measured
very accurately. The transducer excites a wave pulse which propagates through the
metal and reflects off the back wall. Using the known sound speed in the metal,
the time to receive the echo can be measured and used to infer the wall thickness.
Piezoelectric transducers require good coupling between the transducer and the test
piece, therefore they often demand that the surface is prepared. Electromagnetic
Acoustic Transducers (EMAT) initiate the ultrasound in the material, so are able to
tolerate unprepared or even thinly coated surfaces, and high temperatures; however,
their sensitivity is often low (Burrows et al. 2014). Permanently installed sensors
allow frequent readings to be taken which enables the rate of wall thinning to be
obtained accurately (Honarvar et al. 2013).
With respect to the testing of insulated pipes, the coating and insulation must
first be removed to allow the transducer to be placed in direct contact with the metal
into which the ultrasonic waves will propagate. Some pipes allow for this by having
removable inspection plugs; however, as the thickness measurement is localised to
the transducer location, corrosion can easily be missed. Furthermore, the plugs can
allow water ingress which may promote corrosion growth (Santhosh Lukose 2010).
2.3.2 Ultrasonic Guided Waves
The geometry of a pipe as a waveguide can be exploited to propagate different ul-
trasonic “guided” wave modes over a long distance (>50 m) from the location of the
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transducer array (Alleyne et al. 2004; Cawley et al. 2003; Lowe et al. 1998). Ultra-
sonic guided waves are therefore well-suited to the inspection of pipes that do not
support ILI, and are able to detect corrosion removing 5% of the pipe wall thickness.
There is a requirement for good coupling with the pipe which means that thick or
viscous coatings must be removed at the transduction site. Furthermore, the sensi-
tivity near to large pipe features such as flange joints is reduced due to strong wave
reflections, and the interpretation of the signal is operator dependent, particularly
in complex lines. The test range is also reduced for buried pipes predominantly due
to energy leakage into the soil (Leinov et al. 2016).
2.3.3 Radiography
Radiography has been successfully applied to the in-service detection of corrosion
under insulation in pipelines (Edalati et al. 2006; Guo et al. 2011). Through-
transmission radiography requires access to both sides of the pipe, and for large
diameter pipes, either gamma ray or high energy X-rays must be used in order to
propagate over such a large distance between source and receiver (Haith 2017; Ong
et al. 1997; Zscherpel et al. 2006). Back-scatter radiography may be used when
there is access to only one side of the pipe although the scattered radiation is diffuse
(non-imaging) and of a low intensity (Ong et al. 1997). The use of radiography also
has health and safety implications and rigorous standards must be met before its
use is justified (EN 16407 Parts 1 and 2: Newly published European standards for
the in-service digital and film radiography of pipes n.d.).
2.3.4 Microwave
In a manner similar to ultrasonic guided wave methods, the pipe and insulation can
be used as a coaxial waveguide for the propogation of microwaves. Development of
a NDE technique based upon this principle determined that water in the insulation
layer that occupies more than 5 % cross sectional area can be detected with good
accuracy. The detection of water is generally a good indication that corrosion under
insulation is present (Jones et al. 2012); however, significant damage that is present
under dry insulation could potentially be missed. A prototype system has been
developed but further research is required before the technique is implemented into
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industry.
2.4 Summary of Existing NDE
This literature review has explored the available techniques for the inspection and
monitoring of unpiggable pipes, outlining the basic theory underpinning their func-
tionality and identifying their strengths and weaknesses. Generally, there are a
number of significant weaknesses in current techniques. A number of methods are
only efficient for pipeline inspection when operating on internal pigs (eddy current
techniques, MFL) and although in some cases the pigs have been adapted to travel
through conventionally unpiggable lengths of pipe, access requirements still exist
and the production of the pig is generally very costly (Burkhardt, Crouch, et al.
2006; Burkhardt, Goyen, et al. 2008; Kim et al. 2013; Plotnikov et al. 2008).
In the cases where techniques may be applied for external inspection or mon-
itoring, the removal of the thick insulation coating is often a necessity (potential
drop techniques, eddy currents, ultrasonic thickness gauging, ACFM, MBN, MPI).
Guided wave techniques are attractive, but still require partial insulation removal
and skilled operators. The techniques that claim functionality at large (>10 mm)
standoff often require bulky equipment (SLOFEC) or have poor sensitivity or high
false-call risk (MRI, MTM, MMM, NoPig). Finally, the techniques which use a
high frequency current are unable to defect internal defects (ACFM, ACPD, eddy
currents). PEC is well developed for CUI inspection, but works only on ferromag-
netic pipes through non-ferromagnetic coating. It also has potential to miss small-
diameter pitting defects due to the probe-averaging effect. The other techniques
explored have safety implications (radiography) or are under-developed (microwave).
This chapter has highlighted the potential for a technique that is able to inspect
or monitor for damage occurring anywhere throughout the wall thickness of an in-
sulated and coated pipe with good sensitivity and low false-call risk. This technique
is described in detail in the following chapter.
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As demonstrated in the previous chapter, there are few currently available NDE
methods for the inspection or monitoring of unpiggable pipes for corrosion damage
while leaving the coating and insulation intact. ACFM is attractive as it provides
good detection capability; however, the induction of a high-frequency current lim-
its detection to surface-breaking defects, and also the sensitivity is reduced at high
standoff. NoPig can measure internal and external defects, but has relatively poor
sensitivity due again to the high standoff. In this chapter, a novel approach based
upon similar principles as these NDE methods is introduced which aims to cir-
cumvent their relative weaknesses to achieve a good sensitivity to damage occurring
anywhere throughout the wall thickness when measuring external to pipe insulation.
In the first section, the underlying principles and the operating configuration
of the technique will be discussed, including the current injection method and the
sensing configurations. Later, a Finite Element (FE) model is introduced which is
used to predict magnetic field perturbations from current deflection and investigate
the behaviour of the current deflection signal. Experimental demonstration of the
technique in scanning mode is presented for different defect geometries in different
pipe types. The results are then used to validate the FE model. This chapter partly
comprises work that has been published in the journal NDT & E International and
permission has been obtained by Elsevier to reuse text and figures where appropriate
(Jarvis et al. 2016).
3.1 Principles of Method
In the discussion of ACFM in the previous chapter, it was explained that a defect in
a conducting sample causes perturbations in the induced magnetic field surround-
ing the sample. Furthermore, if the sample is ferromagnetic, some leakage of the
50
3. Current Deflection NDE
magnetic flux will occur at the defect location (Lugg 2004). As the magnitude of
the induced current is proportional to the rate of change magnetic flux in the coil,
ACFM operates at a high-frequency; however, this limits the induced current to the
surface of the conductor. If the current were physically injected into the sample (as
in the NoPig technique) rather than being induced, its amplitude would be inde-
pendent of the frequency therefore the skin-depth could be controlled in order to
inspect either the surface layer of the conductor or the entire wall thickness.
The principles of low-frequency current deflection, and the resulting perturba-
tions in the components of the magnetic flux density from a corrosion-like defect
are illustrated in Fig. 3.1. In Fig. 3.1a, flow-lines of the current density, J, are
plotted which show a general flow in the y direction, except near the defect where
the current is deflected. The large Jy induces a strong Bx (Fig. 3.1b) with a local
minimum centred over the defect where Jy is weakest, and peaks above the defect
edges perpendicular to the current flow. The quadripolar profile of By (Fig. 3.1c) re-
sults from deflection of the current in the x direction around the defect. The bipolar
profile of Bz (Fig. 3.1d) is a result of the clockwise and counter-clockwise rotation
of the current as it deflects around the defect. The local maxima and minima in
each component of B approximately mark the boundary of the defect, although they
spread apart as the standoff is increased due to diffusion of the field. The current
deflection principles are identical when the conductor is a pipe rather than a plate.
In this case, the x, y and z components become θ, r, and z.
Figure 3.2a shows the distribution of the magnitude of the current density in a
cross section of a 6” pipe (wall thickness T = 7.1 mm) between two distant electrodes
attached to the outer wall of the pipe used to inject a 100 Hz, 2 A current. The
variation in magnitude of the current density across the pipe wall is shown in Fig. 3.2
for various frequencies. Alternating current is concentrated to a layer at the pipe
surface of thickness δ (equation 2.9, page 34) which is small at high frequencies.
When δ > T , the current is distributed uniformly throughout the wall thickness
and is limited only by the conductor geometry. At low (quasi-DC) frequencies the
current can therefore be perturbed by defects occurring at any location throughout
the wall thickness. The current behaves as quasi-DC in the frequency range
f <
1
σpiµT 2
(3.1)
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Figure 3.1: (a) Current density contours are shown on the surface of a current carrying
plate with a semi-ellipsoidal defect (current flow is in yˆ). The (b) x, (c) y and (d) z com-
ponents of the magnetic flux density are shown at a surface above the conductor, separated
by the standoff distance. Red = high intensity, blue = low intensity. (Reproduced from
Jarvis et al. 2017a with permission from Elsevier.)
which is generally below 10 Hz for carbon steel pipes less than 10 mm thick, or a
few kHz for non-magnetic pipes. The magnetic permeability, µ, tends to be strongly
inhomogeneous in ferromagnetic materials so a current frequency must be chosen
such that δ is much larger than the thickness of the conductor. This ensures that
the measured perturbations in the induced magnetic field are caused only by geom-
etry changes in the conductor and variations due to the magnetic properties of the
material are suppressed.
The perturbations in the magnetic field that arise from quasi-DC current deflec-
tion are small in comparison to the geomagnetic field (∼ 50 µT); however, by using
an alternating rather than direct current, phase-sensitive detection becomes possible
which can effectively eliminate DC bias, drift and other low-frequency noise sources
and greatly improve the sensitivity. An NDE method is enabled by using magnetic
sensors to either scan for, or monitor for changes in the induced magnetic field sur-
rounding a pipe due to current deflection around defects. This chapter focusses on
the possible configurations for the technique when operating in the scanning mode.
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Figure 3.2: (a) Current density distribution across the cross section of a 6” carbon steel
(µr = 100) pipe carrying a 100 Hz current. (b) Current density variation throughout the
pipe wall at different frequencies.
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3.2 Finite Element Model of Current Deflection in
a Pipe
In order to reduce the need for time-consuming and expensive experimentation,
a model must be created in order to investigate the many factors that influence
the induced magnetic field distribution surrounding a conductor containing a de-
fect. Previous researchers have derived models to find the magnetic perturbation
due to current deflection around different defect geometries by analytically solving
Maxwell’s equations, although the use of thin-skin assumptions that only consider
surface current flow mean that the solutions are restricted to high-frequency cases
and to simple geometries (Lewis 1991; McKirdy et al. 1993; Michael et al. 1991).
For irregular geometries that far better match realistic defects, no closed-form an-
alytical solutions to Maxwell’s equations exist; however, with recent advances in
computational efficiency, it is now possible to overcome this restriction by creating
3D numerical models that discretise the geometry into many small “finite elements”.
Maxwell’s equations can be formulated as a set of partial differential equations and
the approximate solution to these equations can be found at a number of discrete
node points in the model (the vertices of the finite elements) by minimising an error
function. As the exact solution rarely exists, there is some error associated with
the results of FE models therefore it is extremely important to validate their output
using equivalent experimental studies. The validation of the FE models discussed
in this section is presented later in the chapter in section 3.3.4.
An FE model was created using COMSOL® to investigate how various factors
influence the current deflection signal. A steady-state solver was used. This allows
the time-derivatives to be eliminated which greatly reduces the computational com-
plexity of the problem; however, the solution is only relevant for the low-frequency
quasi-DC case. The intricacies of the FE solver are out of the scope of this thesis,
although the interested reader is referred to (COMSOL AB 2017) for a detailed
overview. The model, shown schematically in Fig. 3.3, contains a 6” schedule-40
(T = 7.1 mm) pipe surrounded by a large air domain. A current was made to flow
within the pipe by applying a 2 A terminal to the cross section at one end of the
model, and a ground terminal to the opposite end, translating to an average current
density of J = J · eˆz =∼550 A m−2·eˆz within the pipe. The solution to the magnetic
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Figure 3.3: FE model schematic. The stationary solver was used to find a DC solution on
the surface shown outside 6” schedule-40 pipe, T = 7.1 mm. One possible defect geometry
is shown at the top of the pipe.
flux density was extracted on a cylindrical surface coaxial with the pipe, and at a
standoff distance ∆ from the pipe nominal outer radius. The magnetic and material
properties of the pipe could be varied to investigate ferromagnetic or non-magnetic
materials. Where appropriate, symmetry boundary conditions were exploited to
reduce computational time.
An adaptive tetrahedral mesh was used where the maximum element size was
small (generally 5 mm) in the pipe domain, and in the air domain at low standoff, so
that the current and field perturbations could be well resolved. A larger maximum
element size was tolerated at increased standoff distances where the spatial gradient
of the field was reduced (e.g. 20 mm at ∆ = 100 mm). The automatic meshing
algorithm in COMSOL® reduces the element size near areas of complex geometry
(especially at sharp corners that would cause strong current deflection) where the
change in the magnetic field and current is expected to be greatest, as shown in
Fig. 3.4. A convergence study was completed which determined that the most
important meshing parameter is the minimum element size. The value used should
be dependent on the defect geometry but, for the defects considered in this research,
convergence is generally reached at 1.5 mm. For the studies in this thesis, a minimum
element size of 0.5 mm was selected as a good compromise between solution time
and result accuracy, unless otherwise stated.
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Figure 3.4: Example of adaptive meshing algorithm with a maximum finite element size
of 5 mm and minimum size of 0.5 mm. The triangular element size in this 2D model is
reduced in areas where the gradient of B, J etc. are expected to be greatest.
3.2.1 Effect of Defect Geometry
The current deflection signals were predicted for a number of defect geometries.
Concave defects of maximum depth T
3
and diameter of 3T were chosen to represent
corrosion patches on both the inner and the outer wall of a carbon steel pipe where
the relative magnetic permeability was set to µr = 100. This geometry was selected
as it is a standard size used by BP for investigation of new NDE. Due to the curvature
of the pipe, the inner wall concave defect had a slightly larger volume in order to
maintain the same curvature and maximum depth as the outer wall concave defect.
Flat-bottomed slots of the same depth, a width of 1 mm and a length of 3T were
chosen to represent cracks. The extreme cases of the slot oriented along the pipe
axis and along its circumference were modelled. The defect geometries are shown
schematically in Fig. 3.5.
The spatial distributions of the perturbation in the magnetic flux density caused
by current deflection around the outer wall concave defect at a standoff distance
of ∆ = 10 mm are shown in Fig. 3.6. The defect is centred below the origin of
the diagrams. Figure 3.6a shows Br, which exhibits a bipolar profile due to the
clockwise and anticlockwise rotation of the current around either side of the defect.
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Figure 3.5: Cross sectional slice through the centre of the pipe showing the different
defect geometries used for FE studies. (a) Outer concave defect; (b) outer circumferential
slot (1 mm width); (c) inner concave defect; (d) outer axial slot (3T length). Inner slots
were modelled but are not pictured.
The peaks are azimuthally separated by a distance greater than the defect width.
The axial component, shown in Fig. 3.6b, is quadripolar due to the change in the
current direction as it avoids the defect. The azimuthal component in Fig. 3.6c
has a local minimum centred over the defect due to the wall loss reducing the total
current at this location. The current density is highest just outside the defect on
the line z = 0, which leads to two maxima in Bθ. The average value of Bθ is a few
microtesla due to the directionality of J.
The spatial distributions were calculated for the other defect geometries and the
peak-to-peak values of each component of B are shown in Table 3.1. It can be seen
that when the defect is located on the outer wall, the resulting field perturbation
is larger in magnitude than for the same inner wall defect. This is largely due
to the increased distance between the defect and the sensor and the reduction of
leakage flux due to the presence of additional ferromagnetic steel between the inner
wall defect and sensor. The amplitude decreases in all cases at the higher standoff
distance.
The slot geometry produces a smaller current deflection signal than the concave
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Table 3.1: Peak-to-peak of magnetic flux density components due to current deflec-
tion around internal (I) and external (E) concave and slot defect geometries predicted at
∆ = 10 mm and ∆ = 25 mm above the surface of a 6” pipe carrying 2 A current.
Defect Geometry I/E ∆ (mm) Peak-peak (nT)
Br Bz Bθ
3T × 3T × T
3
E 10 83.2 53.1 118.6
3T × 3T × T
3
I 10 56.0 34.9 80.1
3T × 3T × T
3
E 25 18.4 13.4 28.5
3T × 3T × T
3
I 25 15.2 12.7 25.3
3T × T
3
slot (θ aligned) E 10 40.9 23.7 55.8
3T × T
3
slot (θ aligned) I 10 23.4 15.3 40.1
3T × T
3
slot (θ aligned) E 25 8.5 7.0 15.2
3T × T
3
slot (θ aligned) I 25 6.0 5.1 11.8
3T × T
3
slot (z aligned) E 10 15.4 12.2 32.0
3T × T
3
slot (z aligned) I 10 14.2 11.0 28.5
3T × T
3
slot (z aligned) E 25 3.3 3.7 8.2
3T × T
3
slot (z aligned) I 25 2.9 3.9 7.6
defect regardless of its orientation; however, when the slot is aligned perpendicular
to the undisturbed current axis, the perturbation is much greater than when it is
parallel to the direction of current flow. This is due to the circumferential slot de-
flecting a larger amount of current than the axial slot. The signal from the slot lying
parallel to the current axis originates almost entirely from magnetic flux leakage,
and is over an order of magnitude lower than the concave defect signal when it is
aligned along z, indicating the weakness of the technique in locating cracks oriented
parallel to the current flow.
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Figure 3.6: FE prediction of spatial distributions of the (a) radial; (b) axial and (c)
azimuthal components of the magnetic flux density arising from current deflection from a
3T × 3T × T3 defect at 10 mm standoff.
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3.2.2 Effect of Standoff
The peak-to-peak values of the perturbations in the magnetic flux density due to
the deflection of a 2 A current around a semi-ellipsoidal half-wall-depth defect were
predicted for various standoff distances. These perturbations in Br and Bθ are
plotted on a circumferential scan path axially aligned with the defect centre in
Fig. 3.7. Bz has not been plotted as the symmetry of the signal means that there is
no perturbation on this path (see Fig. 3.6b).
Figure 3.7a shows how the peak-to-peak value of the perturbation in Br reduces
in amplitude as the standoff increases. The average value of Br is always zero. In
Fig. 3.7b, it can be seen that the peak-to-peak value of the perturbations in Bθ
similarly reduce in amplitude as standoff is increased. The average value of Bθ also
decreases with 1
∆
(in the case of a pipe), suggesting that the instability in standoff
expected during a practical scan may make measurements of small changes in Bθ
difficult.
Figure 3.8a plots the peak-to-peak magnetic flux density on a decibel scale nor-
malised to the values closest to the pipe surface for clarity. The peak-to-peak of
each component of B behaves similarly, falling rapidly with increasing standoff and
decreasing by 20 dB relative to the signal at the pipe surface in the first 18 mm.
As the standoff is increased further, the signal drops by a lesser extent, losing an
additional 20 dB over the next 40 mm. As the standoff becomes large in comparison
to the defect size, the defect behaves as a magnetic dipole which loses amplitude
with the cube of the standoff distance (note that this behaviour is not observed
within the standoff limit of Fig. 3.8a). With 2 A current in the pipe the absolute
values at 1 mm standoff are 1228 nT, 448 nT and 681 nT in the radial, axial and
azimuthal components respectively, dropping to 30 nT, 19 nT and 37 nT at 25 mm
standoff. Figure 3.8b shows how the spatial extent of the signal increases approx-
imately linearly with standoff. The data fits a linear regression with an average
R-squared value of 0.997. This suggests that fewer sensors could be used at higher
standoff due to the more diffuse signal provided the loss in signal amplitude could
be compensated for.
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Figure 3.7: (a) Radial and (b) azimuthal components of the magnetic flux density pre-
dicted on a circumferential scan path at various standoff distance above a pipe containing
a 3T × 3T × T2 outer wall defect.
61
3. Current Deflection NDE
Stando (mm)
0 10 20 30 40 50 60 70Pk
 -p
k 
M
ag
ne
tic
 F
lu
x 
D
en
sit
y 
(d
B
)
-40
-30
-20
-10
0 Br
Bz
B
θ
(a)
Stando (mm)
0 10 20 30 40 50 60 70
FW
H
M
 (
de
gr
ee
s)
0
10
20
30
40
50
60
Br
B
Linear t
θ
}
(b)
Figure 3.8: (a) The peak-to-peak and (b) the FWHM (as defined in Fig. 3.7) in the
components of the magnetic flux density varying with standoff for a 3T × 3T × T2 defect.
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3.3 Experimental Measurement of Current Deflec-
tion
Experimental measurement of current deflection serves multiple purposes:
• Validation of the FE model
• Investigation into practical challenges of current deflection (e.g. magnetic
sensors, environmental variations, material property variations etc.)
• Demonstration of the technique
This section will briefly discuss the considerations and decisions that were made
when designing the experiments. Following this, a demonstration of the stability and
repeatability of the measurements is presented. Finally, experimental validation of
the FE models for various scenarios are shown.
3.3.1 Sensor Choice
A literature review was completed which explored all possible magnetic sensor types.
The chosen sensor must have sensitivity to low (nanotesla) field levels; be able to
resist harsh industrial environments; and be small, cheap and low cost. It must
also be capable of measuring the vector components of B rather than purely its
magnitude. After careful comparison of all sensor types, it was concluded that
Magnetoresistive (MR) sensors offered the best overall performance.
MR sensors exploit a material property in which the electrical resistance is de-
pendent on the externally applied field. There exist different types of MR sensor
based on different magnetoresistance mechanisms. Ordinary, Anisotropic (AMR),
Giant (GMR) or Tunnelling (TMR) sensors exhibit progressively greater resistance
changes with the applied field change. A study by Stutzke et al. compared the
noise density of a number of commercially available magnetoresistive sensors. It
was determined that although the sensitivity of GMR and TMR sensors is generally
greater than AMR, their more complex multi-layer structure introduces a higher
intrinsic noise, resulting in poorer detectability for low-field strengths, especially at
low frequencies (Stutzke et al. 2005). A number of AMR sensors were reviewed
before AFF755B by Sensitec was chosen (Sensitec MagnetoResistive Sensors 2011).
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This sensor, along with Honeywell HMC1001 (which was recently discontinued) offer
the best noise performance (Fúra et al. 2016; Vyhnanek et al. 2013) and have been
used previously in industrial applications, including NDE (Jogschies et al. 2015).
As MR sensor technology continues to advance, it will be beneficial to review sensor
options periodically. For the testing of very thick samples, it may be beneficial to
investigate the use of fluxgate sensors which exhibit lower noise density and higher
sensitivity than AMRs with a trade-off of higher cost, size and power-requirement.
A Stanford Research SR830 lock-in amplifier was used to measure the noise
density of the sensors in the unshielded laboratory environment over the useful
frequency range (DC−100 Hz). The result is plotted with a logarithmic frequency
scale in Fig. 3.9.
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Figure 3.9: Noise density of AFF755B sensors measured using lock-in amplifier below
100 Hz.
The spectral noise density of the unshielded sensors was between 1 to 2 times
greater than the value reported in the data sheet throughout the tested frequency
range. The same performance was recorded for multiple sensors so it could be pos-
sible that the purchased batch had worse performance than the manufacturers test
sensor. Furthermore, environmental magnetic noise could have negatively affected
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the unshielded sensors noise performance. The noise could be reduced with a high
quality pre-amplifier, although the lock-in amplifier alone was sufficient to com-
plete the measurements presented in this thesis. The noise density increases as the
frequency is reduced. This is primarily due to “flicker noise” which has 1
fn
character-
istic, where n is approximately unity (see Fig. 3.9). The data revealed that, over the
tested frequency range, there were no isolated regions of significant electromagnetic
noise in the laboratory environment. It was important to avoid operating at 50 Hz
and its harmonics due to significant magnetic interference from the mains (line) fre-
quency. These results suggest nanotesla fields could be resolved with a few seconds
averaging time when measuring below 100 Hz. The sensitivity value provided in
the data sheet was used to convert the sensor voltage to a magnetic flux density.
Calibration with a reference magnetic field found this value to be accurate.
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Figure 3.10: Schematic diagram of pipe automated scanning rig. Pipe rotation and array
position are controlled by stepper motors. Current injection shown using hose clip.
3.3.2 Pipe Scanning System
The components of the magnetic field surrounding a current carrying pipe were
measured using an array of three AMR sensors, one oriented in each of the ra-
dial, axial and azimuthal directions with respect to the pipe. The differential signal
from each sensor was read using a Stanford Research SR830 lock-in amplifier using
phase-sensitive detection. This sensing mechanism is crucial as it is the only way to
measure small magnetic fields without spatial variations in the large geomagnetic
field swamping the signal, or interference due to spurious magnetic signals such as
the 50 Hz mains frequency. This is achieved by multiplying the input signal with a
reference signal and integrating over some averaging time (Stanford Research Sys-
tems 2011). 1.5 m lengths of 6-inch pipe were selected for testing. Initial experiments
were performed on an austenitic steel (grade 302) pipe, and subsequent experiments
on a carbon steel pipe. Both longitudinally seam-welded and seamless pipes were
tested. A schematic diagram of the experiment is shown in Fig 3.10.
The sensors were multiplexed and read in turn using a LABVIEW interface. Be-
fore each experiment, a flip-pulse was applied to an integrated set/reset coil inside
the sensor chips to ensure the optimization of the sensor performance by reorient-
ing the magnetic domains in the AMR film and correcting for magnetic hysteresis
(Schneider et al. 1999). The reference signal from the lock-in amplifier allowed a
Kepco 36-6D bipolar operational power supply to draw a current of 2 A (RMS) that
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flowed within the pipe at the frequency of interest. In earlier experiments, the cur-
rent injection was achieved via 12 wires evenly spaced around the circumference of
the pipe and clamped down onto the metal using a hose clip in order to decrease
contact resistance, as shown in the schematic diagram in Fig. 3.10. Multiple injec-
tion points were necessary to allow uniform spread of the injected current over the
whole cross section of the relatively short length of pipe. This was later improved
upon by injecting the current directly into the end cap, which was connected to the
pipe via 18 springs evenly spaced around the circumference. These changes were
implemented to reduce the edge effects in the magnetic field that occur from the cur-
rent spreading out from the injection points. As the maximum length of pipe tested
was 1.5 m, this was necessary as the edge effects limit the region of the test pipe
that would be representative of a practical test in which current would be injected
remotely from the sensing location. It is important to note that in an industrial
setting, such a complex injection would not be necessary because the edge effects
could be accounted for by increasing the spacing between injection points.
The injection wires were fed through a slip-ring to ensure that they did not
tangle following multiple pipe rotations. A stainless steel rod was held in tension at
the pipe axis between aluminium end caps, which allowed the current injection and
retrieval points to be at the same end of the pipe, negating the need for long trailing
wires to complete the current loop. The rod also suppresses the large azimuthal
field component which reduces the risk of interference due to sensor misalignment.
This will be discussed further in later chapters.
The position of the sensors relative to the pipe was controlled by a pitch and
height adjustable plastic array holder with a sliding mechanism to adjust the standoff
distance. Non-ferromagnetic material was used wherever possible in order to avoid
flux concentration of the induced magnetic field from the injected current. During
initial experiments, the sensor array was positioned manually; but this was later
automated due to the time taken to complete a measurement. The sensor array
holder was fixed to an aluminium linear actuator which was capable of moving the
array along the entire length of the pipe. The rotation of the pipe was facilitated
by a worm drive connected to a stepper motor. Figure 3.11 shows photographs of
the scanning frame before and after the improvements had been made.
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array. The testing of different pipe types is shown.
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3.3.3 Stability and Repeatability of Measurements
In order to assess the suitability of AMR sensors for the measurement of the magnetic
flux density signals, the temporal and spatial stability of the measured signal was
quantified. Fifteen scans were completed with an overall scan length of 1 m at 10 mm
standoff distance from a longitudinally seam-welded carbon steel pipe with a spatial
resolution of 25 mm. The scans were taken on a line diametrically opposite from the
longitudinal weld. The pipe carried a 2 A current at 150 mV and 5 Hz. The mean
of all fifteen scans is shown in Fig. 3.12. The standard deviation was calculated
to be 282 pT, 198 pT and 205 pT for the radial, axial and azimuthal components
respectively across the whole scan length. The radial and axial components stay
close to zero along the length of the pipe due to the lack of any defects to perturb
the current, with mean values of -400±88 pT and 99±26 pT respectively, where the
uncertainty is the standard error of the mean (Altman et al. 2005). The azimuthal
component exhibits large gradients towards the edges of the pipe due to edge effects
and settles to a value of −28 nT towards the centre of the pipe. A misalignment
between the axes of the pipe and the rod used for the return current path is likely
to be the reason that the azimuthal component is not reduced to zero away from
the pipe ends.
At this standoff, the solution to Ampère’s law for an infinite cylinder carrying
2 A of current yields a value of the induced magnetic flux density of 4.2 µT in the
azimuthal component (the radial and axial components are identically zero), thus
the addition of the rod for the return current path has reduced the azimuthal flux
density by more than two orders of magnitude at the pipe centre. This large az-
imuthal component is largely unimportant as it is the more stable axial and radial
components that will likely be used for defect detection and monitoring, and this
method of suppression of the azimuthal component is clearly not possible in the
field.
To investigate the temporal stability of the signal, each component of B was
measured every three minutes over the course of a week with an averaging time
of 25 s. A 2 A current was maintained in the pipe and the modulation frequencies
chosen were 1 Hz, 5 Hz and 25 Hz. It is important that measurements can be taken
at such low frequencies to ensure that the measured magnetic signal is due only to
the current distribution as restricted by the pipe geometry and not the electromag-
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Figure 3.12: (a) Mean and standard deviation (error bars) of 15 repeated scans of the
magnetic flux density components performed at 10 mm standoff from a 6” pipe carrying
2 A current at 5 Hz. Pipe ends are located at z =0 m and z =1.5 m. Average standard
deviations are 282 pT, 198 pT and 205 pT for Br, Bz, and Bθ respectively across the whole
scan length. (b) is the same data without Bθ plotted and with the vertical scale adjusted
for clarity.
70
3. Current Deflection NDE
Time (hours)
0 50 100 150
M
ag
ne
tic
 
ux
 d
en
sit
y 
(n
T
)
-0.3
-0.2
-0.1
0
0.1
T
em
pe
ra
tu
re
 (
o
C
)
21
21.5
22
22.5
23
 B (5 Hz) z
Temperature
Figure 3.13: Stability of magnetic signal over a week, measuring Bz halfway along the
pipe at 10 mm standoff with 2 A, 5Hz current in pipe. Temperature measured indepen-
dently using a thermocouple.
netic skin effect. The results are shown in Fig. 3.13. As the profiles from all the
measurements were similar, only the 5 Hz signal from the radially oriented sensor
has been plotted for clarity. The temperature was monitored with a thermocouple
positioned near the sensor.
There was a small temperature variation of 2 ◦C during the daily cycles. Over
the course of the week, a decreasing trend can be noted on both the magnetic
flux and temperature measurements. The sensor measurement was not temperature
compensated as the range in the magnetic flux density over the entire week was
significantly less than 1 nT; however, when utilising AMR sensors in the field where
large temperature variations are common, temperature correction is possible through
the use of a coil integrated within the chip. Some additional higher frequency noise is
present on the magnetic measurements yet crucially they do not stray far from zero
as expected from the measurement of a defect-free pipe. The mean of the radial
sensor was −18±550 pT, −80±180 pT and −25±270 pT at 1 Hz, 5 Hz and 25 Hz
respectively where the uncertainty is the standard deviation. The noise density of
the sensors was measured as 1.37, 0.46 and 0.32 nT/
√
Hz at 1 Hz, 5 Hz and 200 Hz
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respectively.
The lack of any significant drift in the measurement implies that the use of a
flip-pulse through the set/reset coil which is sometimes required to reset hysteresis
in MR sensors is not a requirement in the laboratory environment. In further tests
it was revealed that the use of the flip-pulse was only necessitated when a strong
permanent magnet was brought close to the sensor; the sensors were not saturated
by the induced fields from a 2 A current in the standoff range of interest. In an
industrial environment it is likely that a flip-pulse in the set/reset coil would be
utilized periodically to reset the magnetic domain orientation in the sensor and to
correct for a drifting offset voltage with temperature as variations are likely to be
more severe than in the lab.
3.3.4 Model Validation
Flat-Bottomed Slots in Austenitic Steel
Measurements of current deflection from flat bottomed slots milled into the outer
surface of a 1.5 m long 6-inch schedule-40 austenitic steel pipe were taken in order to
validate the FE model. A T
2
maximum depth slot was positioned half way along the
pipe, and T
4
and 3T
4
slots were located 0.4 m from either end and circumferentially
separated by 120° in order to minimise the interaction between the signals. Each
component ofB was measured for a 1.1 m length at the pipe centre at 15 mm intervals
and around the entire circumference in 10° increments. Each sensor was averaged
for 25 s and the current frequency was 25 Hz (resulting in a skin depth of ∼83 mm)
which is low enough to ensure quasi-DC operation in non-magnetic austenitic steel.
The magnetic flux density profiles in a section of the scan around the deepest defect
are shown in Fig. 3.14a−c. The data were cubically interpolated to a finer spatial
resolution of every 1° and every 2.5 mm. The characteristic perturbations of current
deflection are exhibited in these measurements, as in the FE predictions in Fig. 3.6.
It can be seen in Fig. 3.14c that there is some asymmetry about the defect centre
in the azimuthal direction. This is probably due to changes from the uniform pipe
geometry due to manufacturing tolerances in the wall thickness.
A circumferential scan centred above the deepest slot at 10 mm standoff (il-
lustrated in Fig 3.15) was compared to the identical defect geometry recreated in
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Figure 3.14: Spatial distributions of the (a) radial; (b) axial and (c) azimuthal com-
ponents of the magnetic flux density arising from current deflection from a flat bottomed
slot (shown schematically in (d)) measured at 10 mm standoff from the pipe.
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Scan direction
3T⁄4 slot
3 mm
Figure 3.15: Photograph of sensor positioned outside of a 3 mm×3T4 slot at ∆ = 10 mm
showing circumferential scan direction.
FE. In order to correct for the slight variations in wall thickness within the speci-
fied manufacturing tolerances, the baseline was established by taking an additional
circumferential scan offset axially by a distance of 50 mm where the defect signal
is diminished but the perturbations in Br caused by the nominal wall thickness
changes (which vary slowly along the pipe axis) remain. The baseline corrected
measurement of Br over the circumferential scan is plotted in comparison to the
FE prediction in Fig. 3.16. The FE data is plotted as a dashed line. There is an
excellent agreement between the measurement and the FE data, both exhibiting
peak-to-peak amplitudes of 605 nT.
Semi-Ellipsoidal Bowls in Carbon Steel
The model was well validated for the wide flat bottomed slots in the previous ex-
periment; however, this geometry differs from the standard of a 3T diameter semi-
ellipsoidal defect that is usually set by BP to investigate new NDE techniques for
corrosion inspection. Furthermore, the previous non-magnetic pipe had a relative
magnetic permeability close to unity, which permitted a current up to a few kilo-
hertz to behave as quasi-DC. Validation is required for ferromagnetic pipes which
demand a much lower frequency current, and which may have magnetic property
variations that have potential to interfere with the signal. To serve this purpose, a
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Figure 3.16: Comparison of FE prediction (solid line) with a baseline corrected measure-
ment (dots) of the (a) radial and (b) azimuthal components of the magnetic flux density
at 10 mm standoff.
S
Figure 3.17: Photograph of the sensor positioned outside a 3T × 3T × T2 defect in a
carbon steel pipe. Dashed line shows scan paths directly over the defect and offset by an
axial distance s.
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154 mm nominal bore (6”) schedule-40, 7.1 mm wall thickness longitudinally seam-
welded carbon steel pipe had a 3T × 3T × T
2
semi-ellipsoidal defect milled into the
outer surface, as shown in Fig. 3.17.
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Figure 3.18: Circumferential scans of (a) Br and (b) Bθ around a 3T × 3T × T2 semi-
ellipsoidal defect at ∆ = 10 mm and axial offset s.
Figure 3.18 shows circumferential scans of Br and Bθ at a lift-off distance of
10 mm. The different data sets show scans that are axially offset from the defect
centre by a distance s, as shown in Fig. 3.17. The perturbation due to the defect
(closest to 0°) is clearly greatest for the scans directly aligned with the defect. As
the offset is increased, the defect perturbation reduces yet the general profile of Br
or Bθ away from the defect remains similar. In Fig 3.18b, the scans at s = − 25 mm
and s = 25 mm are very similar, suggesting that this this baseline signal does not
vary rapidly (over tens of mm) with axial position. This is similarly confirmed in
Fig 3.18a where the signals away from the defect at s = 50 mm and 75 mm show
very little variation.
As the FE model predicts only the perturbation due to the defect, a 1D first-
order gradiometer was synthetically formed by subtracting the circumferential scan
measured using a single sensor positioned axially in-line with the defect from the
scan measured when the sensor was axially offset by a distance s. After forming the
gradiometer, the radial signal becomes
∂Br
∂z
s ≈ Br(r, θ, z)−Br(r, θ, z + s) (3.2)
The resulting profile leaves just the defect perturbation, which is compared to a
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FE prediction in Fig. 3.19. There is good agreement between the gradiometric
measurement and FE. The differential sensing method is effective at suppressing
variations in magnetic flux density that vary slowly along the pipe axis and spurious
magnetic signals originating far from the pipe, at the expense of slightly reduced
sensitivity to the primary field originating from current deflection from the defect.
The peak-to-peak amplitude of the measurement perturbation is around 10 % lower
than the FE because the defect signal has not fully decayed at the axial offset
distance s.
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Figure 3.19: Circumferential scans of Br and Bθ around a 3T × 3T × T2 bowl using a 1st
order gradiometer at (a) ∆ = 10 mm, s = 50 mm and (b) ∆ = 25 mm, s = 100 mm.
At the increased standoff of 25 mm (Fig 3.19b), the primary field due to current
deflection diffuses and reduces in amplitude. These data provide validation of the FE
model, and indicate how the sensitivity to defects can be increased with differential
sensor configurations, which will explored further in the following chapter. The
agreement between the azimuthal spacing of the peaks of the measured and modelled
signals show that FE is efficient and accurate at predicting the defect signal from
current deflection. Uncertainties in the FE model are low and arise from slight
differences in current amplitude and the geometry of the real and modelled pipe.
Linearity with Current Amplitude
The integral form of Ampère’s law can be derived from equation 2.1 (page 33) using
Kelvin-Stokes theorem. It states that the total magnetic field integrated on a closed
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Figure 3.20: Average of Bθ over a 100 mm scan for different values of injected current
amplitude.
path C is proportional to the total current passing through the surface S that is
bounded by C,∮
C
B · dl = µ0
x
S
J · dS = µ0Ienc (3.3)
where all symbols remain as previously defined. The amplitude of the perturbations
of the components of B predicted by the FE model are therefore proportional to
the amplitude of the current injected into the pipe. This linear relationship was
confirmed experimentally by repeating a scan of Bθ at ∆ = 10 mm for a range of
current amplitudes between 0 A to 3 A. The scan path was 100 mm long and was
centred over a perturbation in Bθ. The average of Bθ over the scan distance is plotted
in Fig 3.20. The data fit a linear regression with an R-squared value of 0.9999,
confirming both the linearity of B with current amplitude, and the repeatability of
multiple linear scans.
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3.4 Conclusions
This chapter has introduced the current deflection NDE technique. The principles
of the method were outlined and the effect of the frequency of the injected current
on its distribution within the pipe was demonstrated. To be able to investigate
the technique under various configurations, an FE model was created. The effect
of defect geometry and standoff on the perturbation in B due to current deflection
was investigated, revealing that the peak-to-peak amplitude of the signal decreases
rapidly with standoff while the spatial extent of the signal increases. Different defect
geometries were modelled which revealed that flaws on the inner-wall produce similar
but slightly lower amplitude signals than on the outer-wall. Defects with their
principal axis aligned with the pipe axis would be the most difficult to detect as
they cause the least amount of current deflection. Experimental measurements of the
induced magnetic field surrounding a current-carrying pipe allowed the technique to
be demonstrated, and the FE model to be validated. Measurements over slots in an
austenitic pipe provided excellent agreement with the model prediction. Validation
scans using a 3T × 3T × T
2
defect in a carbon-steel pipe also matched modelled
data well, although contributions to the measured signal that did not originate from
current deflection around the defect needed to be suppressed. Carbon steel pipes are
very commonly used in industry, so the causes of these contributions to the signal
will be investigated in more detail in the following chapter.
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The validation scans in the previous chapter revealed that there were contributions to
the measured signal that did not originate from current deflection around the defect.
These were suppressed by synthetically forming a 1D gradiometer comprised of
sensors separated by a small axial distance. It is important to understand the origin
of these contributions to the signal, so that they can be effectively suppressed, and
will not significantly lessen the sensitivity of the technique. This chapter investigates
potential contributions to the measured signal and explores the practical challenges
faced by the current deflection technique and discusses possible solutions to mitigate
them. This chapter partly comprises work that has been published in the journal
NDT & E International and permission has been obtained by Elsevier to reuse text
and figures where appropriate (Jarvis et al. 2016).
4.1 Wall Thickness Variations on Defect-Free Pipe
4.1.1 Tolerance Standards for Petrochemical Pipe
There are a number of regional standards outlining the required chemical composi-
tion, dimensions and tolerances for steel pipes. It is important to know the degree to
which the wall thickness and diameter can vary on an industrial pipe, as these geo-
metric variations will influence the magnitude and distribution of the current density
and the magnetic baseline signal. There are a great variety of pipes available. The
different manufacturing methods; hot or cold finishing techniques; chemical com-
position; pipe diameters; application environments and weld types are just some
examples of different pipe properties, all of which must have a specified tolerance.
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Due to the extremely large number of standards written in order to cover all of these
properties, a general overview is given in table 4.1.
Table 4.1 shows that stainless steel pipe is generally manufactured with more
strict tolerances on the outer diameter and wall thickness than carbon steel pipe.
The most relevant standard from an oil and gas perspective is API 5L which describes
line pipes (pipes used to transport product between refineries, facilities etc.). The
wall thickness of a line pipe can vary by up to 15 %. The tolerance on the diameter
of the pipe is generally given as a specific value for a range of diameters, which
usually equals ±1 % to ±1.5 % of the nominal outer diameter.
4.1.2 Wall Thickness Measurements on Different Pipe Sam-
ples
Seamless Austenitic Stainless Steel Pipe to ASTM A312
To investigate the characteristics of the thickness variation on real pipes, digital
vernier callipers were used to measure the thickness of a 150 mm nominal bore (6”)
schedule-40 304 seamless austenitic steel pipe (the first pipe acquired) at 25° inter-
vals around the outer circumference at one of the pipe ends. As the measurement
could only be carried out at the pipe end, no information about the axial varia-
tion of thickness was revealed. Figure 4.1 shows the average of three measurement
repetitions.
The results show that the average wall thickness around the pipe was 7.1 mm,
with a standard deviation of 0.12 mm and a maximum variation of 0.45 mm which
meets the specified tolerance limits.
Seamless Carbon Steel Pipe to API 5L/ASTM A106B.13
An ultrasonic EMAT scanning system (Powerbox H from Innerspec Technologies
Inc., Lynchburg, Virginia, USA) was used to obtain a thickness map of a seamless
carbon steel pipe manufactured under the ASTM A106B specification which per-
mits variation of 12.5% from the nominal wall thickness of 7.1 mm and an outer
diameter variation of +1.6/-0.8 mm (ASTM A106 / A106M - 14 Standard Speci-
fication for Seamless Carbon Steel Pipe for High-Temperature Service 2014). The
system consisted of a rotary encoded EMAT transducer operating at 3.2 MHz and
81
4. Practical Challenges for Current Deflection NDE
T
ab
le
4.
1:
A
co
m
pa
ri
so
n
of
to
le
ra
nc
e
st
an
da
rd
s
fo
r
di
ffe
re
nt
pi
pe
sp
ec
ifi
ca
ti
on
s.
W
he
re
un
m
ar
ke
d,
di
m
en
si
on
s
ar
e
in
m
m
.
O
D
=
ou
te
r
di
am
et
er
,
T
=
w
al
lt
hi
ck
ne
ss
.
(A
m
er
ic
an
P
et
ro
le
um
In
st
it
ut
e
20
07
;B
re
ns
in
g
et
al
.2
01
5;
B
ri
ti
sh
St
ai
nl
es
s
St
ee
lA
ss
oc
ia
ti
on
20
15
;B
ri
ti
sh
St
an
da
rd
20
14
)
S
ta
n
d
ar
d
D
et
ai
ls
S
te
el
T
yp
e
T
ol
er
an
ce
on
T
h
ic
kn
es
s
T
ol
er
an
ce
on
O
u
te
r
D
i-
am
et
er
B
S
E
N
10
29
7-
2
an
d
E
N
IS
O
11
27
C
ol
d
fin
is
he
d
St
ai
nl
es
s
±7
.5
%
-1
0%
or
±0
.1
5-
0.
2
(w
hi
ch
ev
er
gr
ea
te
st
)*
*
±0
.5
%
-0
.7
5%
or
±0
.1
-0
.3
(w
hi
ch
ev
er
gr
ea
te
st
)*
*
B
S
E
N
10
21
7-
1
O
D
<
21
9.
1
N
on
-a
llo
y
St
ee
l
T
<
5:
±1
0%
or
±0
.3
T
>
5:
±8
%
or
±0
.2
±1
%
or
±0
.5
B
S
E
N
10
21
7-
1
O
D
>
21
9.
1
St
ai
nl
es
s
T
<
5:
±1
0%
or
±0
.3
T
>
5:
±8
%
or
±0
.2
±0
.7
5%
or
±6
A
ST
M
A
99
9
10
.3
<
O
D
<
45
7
St
ai
nl
es
s
12
.5
%
*
11
%
at
10
.2
9
O
D
or
0.
65
%
at
60
9.
60
O
D
**
A
ST
M
A
10
16
O
D
<
13
St
ai
nl
es
s
±1
5%
±1
%
A
ST
M
A
10
16
13
<
O
D
<
20
3
St
ai
nl
es
s
±1
0%
±0
.5
-0
.7
5%
A
N
SI
B
12
5.
1
O
D
>
51
V
ar
io
us
±1
2.
5%
±1
%
A
P
I
5L
73
<
O
D
<
50
8
C
ar
bo
n
+
15
%
,−
12
.5
%
**
±1
%
**
*A
dd
it
io
na
lt
ol
er
an
ce
ap
pl
ie
s
by
w
ei
gh
t
**
D
ia
m
et
er
de
pe
nd
en
t
82
4. Practical Challenges for Current Deflection NDE
0 45 90 135 180 225 270 315 360
6.8
6.9
7
7.1
7.2
7.3
Azimuthal Position (deg)
T
hi
ck
ne
ss
 (
m
m
)
Figure 4.1: Mean of three repetitions of wall thickness measurements taken at the end of
the austenitic steel pipe with digital vernier callipers. Error bars are standard deviation
on the mean.
driven at 1200 V. The encoder allowed B-scans to be performed along the pipe axis
with a spatial resolution of 5 mm. The scans were repeated with 20 mm (13.5°)
circumferential intervals and a laser guide was used to ensure parallel scan paths
(although slight deviations may have resulted in small changes in the coil orienta-
tion which could contribute to the measurement uncertainty due to birefringence
of the ultrasonic beam). The thickness was extracted by an algorithm adapted by
the author from code available within the research group. Figure 4.2a shows the
thickness map which has been linearly interpolated for clarity. Figure 4.2b shows
the mean and standard deviation of wall thickness along the axial scan length for
each circumferential position.
The mean thickness was 7.14 mm and the maximum and minimum were 7.72 mm
and 6.81 mm, respectively. These values fall within the specified tolerances. Sim-
ilarly to the previous test, a variation in wall thickness was noted around the cir-
cumference of the pipe, although this result now reveals that, for this pipe, the
variation is much greater in the circumferential direction than in the axial direction.
The average standard deviation of the wall thickness around the circumference was
0.20 mm, whereas the average standard deviation of a 1.5 m scan along the axis of
the pipe was just 20 µm.
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Figure 4.2: (a) Wall thickness map of a seamless 150 mm nominal bore schedule-40
carbon steel pipe linearly interpolated with 1°, 1 mm sampling frequency. (b) Mean wall
thickness over the scan length as a function of circumferential position. Error bars show
the standard deviation on the mean and dashed line shows approximation used for the FE
model in section 4.5.
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Longitudinally Seam-Welded Carbon Steel Pipe to API 5L-B
Figure 4.3 shows the thickness profiles of two longitudinally seam-welded carbon
steel pipes. One with 200 mm (8”) nominal bore (Fig. 4.3a and 4.3b), and another
with 150 mm (6”) nominal bore (Fig. 4.3c). The thickness profiles were measured
with the same EMAT scanning system used previously and the mean thickness was
within the specified tolerance. The thickness variation in these seam-welded pipes
is smaller than for the previously tested seamless pipes and, as with the seamless
pipes, the standard-deviation in the thickness along the ∼1 m axial scan length is
low (typically <20 µm). The seam weld in Fig. 4.3b was at 0° and in Fig. 4.3c it was
at 330° which accounts for the erroneous data between 325° to 335° where scattering
of the back-wall echo prevented the thickness-extraction algorithm from functioning
correctly.
4.1.3 FE Study of the Influence of Thickness Variation on
Magnetic Baseline
Although the wall thickness of a small sample of real pipes has been measured, the
general effect that nominal wall thickness variation has on the induced magnetic flux
density surrounding a pipe should be studied. Assuming that the current density
is uniform throughout the cross-section of the pipe (valid in a section of defect-free
pipe away from the injection points), this means that the amount of current that
flows through a section of the pipe subtending an angle δθ where the wall is thickest
will be greater than the amount of current that flows through a region subtending
the same angle where the wall is thinnest. Considering the integral form of Ampère’s
law (equation. 2.1), it is now no longer possible to draw a circular closed path C in
which B is always parallel to dl, so this integral cannot readily be simplified and
solved directly with an analytical model.
For this reason, a 2D FE model of a pipe carrying 2 A quasi-DC current was
created to study the effect of wall thickness variation on B, in which the wall thick-
ness was defined to have a sinusoidal periodic variation based on the measured wall
thickness profile from Fig 4.1. A 2D model is justified as a first order approximation
because the axial variation in wall thickness was low in comparison to the circum-
ferential variation for all the pipes measured. Figure 4.1 appears to show a first
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Figure 4.3: (a) Thickness map and (b) circumferential thickness profile of a section of
200 mm nominal bore (8”) schedule-40 longitudinally seam-welded carbon steel pipe manu-
factured to API 5L-B. (c) Circumferential profile of 150 mm nominal bore (6”) schedule-40
longitudinally seam-welded carbon steel pipe manufactured to API 5L-B
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order sinusoidal variation in thickness (maximum at 0°, minimum at 180°), with
some smaller higher-order components. Different orders of periodicity were there-
fore defined with up to six periods of the thickness change around the circumference.
The profiles of the modelled pipe cross sections for the order 1, 2 and 4 cases are
shown in Fig. 4.4, where the wall thickness changes have been greatly exaggerated
for illustrative purposes. The order 1 case is representative of the axis of the central
bore being slightly offset with the axis of the pipe, order 2 represents ovality of the
pipe, and higher orders represent periodic variations in thickness.
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Figure 4.4: Exaggerated shape profiles indicating the different periodic orders of wall
thickness variation modelled in a 2D FE study. Dashed lines show example simulated scan
path concentric with pipe inner bore. This figure is for illustrative purpose only and the
12 o’clock position does not correspond to the datum in later figures.
Figures 4.5a and 4.5b shows the predicted variations in Br and Bθ on a circular
scan path coaxial with the pipe at a fixed standoff of 50 mm plus the inner pipe
radius and the average wall thickness. Due to the wall thickness being constant
in the direction of the pipe axis there is no perturbation in Bz, so it has not been
plotted.
This result indicates that higher periodic orders of wall thickness change affect
the absolute value of the magnetic flux density less than lower orders, although
they have a more rapid spatial variation which could be more difficult to correct for
from a scanning perspective. The measured wall thickness variation could cause a
peak-to-peak magnetic flux density variation of up to 26 nT in Br and 61 nT in Bθ
for the order 1 case, which is of the same order of magnitude as the perturbation
due to a defect (table 3.1 on page 58). At a standoff of ∆ = 10 mm (not plotted),
the peak-to-peak variation due to the modelled periodic wall thickness variation was
of the order 100 nT, which is similar to the baseline variation observed during the
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Figure 4.5: Variations in the (a) radial and (b) azimuthal components of B as a result
of a first, second and fourth order wall thickness variation of 0.45 mm at a distance of the
mean wall thickness plus 50 mm from the pipe inner radius (c.f. dashed lines in Fig. 4.4).
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validation scans in the previous chapter (Fig. 3.18 on page 76 for s = 75 mm). In
reality, the wall thickness variation on a pipe will be the superposition of a very high
number of orders of periodicity of which the intensity of each could be evaluated by
Fourier analysis. This explains why the magnetic baseline signal due to tolerances
on the thickness can appear more complicated on real pipe than the output of these
simple models.
The slow axial variation of the wall thickness (denoted by the small error bars
in Figs. 4.2b, 4.3c and 4.3b) implies that a differential sensor configuration could
be used to suppress the contribution to the magnetic baseline from wall thickness
variations due to manufacturing tolerances. This concept will be explored in more
detail towards the end of this chapter. It also implies that the axial component of B
will be least affected by the wall thickness variations from manufacturing tolerances.
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4.2 Effect of Defect Roughness
Until this point, corrosion defects have been approximated by a smooth semi-
ellipsoid. The depth profile of a real corrosion defect is unlikely to vary smoothly
like this, but will have some degree of roughness. The effect of defect roughness was
therefore investigated using an FE model in which the current-carrying pipe of wall
thickness 7.1 mm was approximated as a plate to allow for simpler digitization for
FE. A surface h(x, y) was generated with a Gaussian distribution of depths, which
was then multiplied by a flat-topped tapered cosine profile with unity maximum
value and diameter of 100 mm. The tail of the distribution of depths was clipped to
limit the maximum depth to twice the standard deviation of the RMS depth, and
any heights above the surface of the plate were removed to avoid any addition of
material. Figure 4.6a shows the resulting surface profile of a defect with a correla-
tion length (length scale of the roughness) of 10 mm and RMS depth 1 mm. These
values were based upon the parameters used to describe typical rough corrosion from
(Dobson 2015). It is worth noting that the morphology of real corrosion is varied,
and the geometry modelled here was chosen simply as a starting point to under-
stand how roughness may influence the current deflection signal. For comparison,
the depth profile of a defect with the same total volume but no roughness is also
presented.
Figures 4.6b and 4.6c show the induced axial magnetic flux density at distances
of 1 mm and 25 mm above the plate, respectively. The greatest disturbances in Bz
occur outside the dotted line that outlines the defect extent, demonstrating that the
most significant contribution to the signal comes from the overall footprint of the
defect and not the roughness. At a standoff of ∆ = 1 mm, some roughness induced
distortion of the field is visible within the perimeter of the defect; however, the
diffusion of the field with standoff means that the current deflection signal from a
rough defect is generally indistinguishable from that of a smooth defect of equal size
when the standoff is greater than the length scale of the defect roughness. Although
not plotted for brevity, Br and Bθ behaved the same way. This result indicates that
realistic defect morphologies can be well approximated by smooth, simple-to-model
geometries; therefore, semi-ellipsoidal defects will be used to approximate corrosion
defects for the remainder of the thesis.
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Figure 4.6: (a) Depth profile of a 100 mm diameter, 1 mm RMS depth defect. Left:
10 mm correlation length. Right: no roughness. The resulting Bz profiles from current
deflection at standoff of (b) ∆ = 1 mm and (c) ∆ = 25 mm.
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4.3 Effect of Nearby Ferromagnetic Objects
Phase sensitive detection is effective at suppressing spurious magnetic noise from
external sources (such as electromagnetic interference at the mains frequency) yet
local variations in the spatial distribution of the magnetic flux density can be caused
by factors other than current deflection from defects. Ferromagnetic objects con-
centrate magnetic flux so, if located close to the scanning path of a magnetic sensor
array, a local variation in the magnetic flux density would be observed as the sensors
move past the object. There is a possibility that this local variation in the magnetic
flux density could be misinterpreted as a current deflection signal caused by a defect,
leading to an increased false call rate of the technique. This has prompted an FE
study to investigate how the presence of a ferromagnetic object external to the pipe
affects the sensitivity of the technique.
Two cube-shaped blocks of side length 10 mm and 25 mm were modelled. The
relative permeability of the block was set to µr=100 (approximately representing a
carbon steel), and its centre was positioned at a varying distance between 22 mm
to 150 mm from the pipe surface. The magnetic flux density was visualised on a
surface at 10 mm or 25 mm standoff. Figure 4.7 shows the perturbation in Br due
to the block. The sensor at location 1 on Fig. 4.7 represents the worst-case-scenario
when the block perturbation causes maximum interference with the sensor.
The maxima of the radial and axial components of the magnetic flux density were
found for each combination of size of the block and distance from the pipe. The
resulting curves are shown in Fig. 4.8a for sensors at a standoff distance of 10 mm,
and in Fig. 4.8b for a standoff of 25 mm. On these curves, there is an overlay of the
peak-to-peak values resulting from deflection of a 2 A current around a 3T × 3T × T
3
defect positioned in the pipe outer surface, as calculated in the FE study presented
in section 3.2.1 of the previous chapter.
Table 4.2 shows the minimum distance between the block and the solution sur-
face for the signal caused by flux concentration from the ferromagnetic block to be
equal in amplitude or smaller than the concave defect, i.e. the distance that ferro-
magnetic objects should be spaced from the sensor in order to minimise false-call
risk. When the standoff is 25 mm and if the ferromagnetic block is located closer
than 71 mm radially (in the case of a 25 mm side length cube), this could result in an
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Figure 4.7: Schematic of model geometry. Perturbation in Br caused by the block
plotted at standoff ∆ to aid visualisation. The solid marker labelled 1 represents a sensor
positioned at the maximum of the block perturbation, and 2 and 3 are offset azimuthally
by 15° and 30° respectively.
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Figure 4.8: Worst-case-scenario magnetic perturbations at (a) 10 mm and (b) 25 mm
standoff from a 6” pipe carrying 2 A current when a ferromagnetic (µr = 100) block of
10 mm or 25 mm side length is located at a varying radial distance from the pipe. The
peak-to-peak values of Br and Bz from a 3T×3T× T3 outer wall defect at the same standoff
plotted for comparison. Points joined with straight lines to ease visualisation.
equal amplitude perturbation as a 3T × 3T × T
3
defect when considering the radial
component of B. The perturbation of the magnetic flux density by the block affects
the axial component less strongly, and it only exceeds the defect signal magnitude
when the block is positioned less than 48 mm radially from the pipe surface.
When the sensor is positioned at 25 mm standoff, the measured perturbation from
current deflection in the pipe due to the presence of defects will be smaller than when
the measurement is taken at 10 mm standoff. This means that the higher standoff
measurements are more susceptible to false calls from the presence of an external
ferromagnetic object, as it will match the defect signal amplitude at a greater radial
separation than if the sensor were closer to the pipe. For example in this case of
the 25 mm block, the minimum separation distance between the block and sensor
for the block perturbation to match the defect signal amplitude in Br is 22 mm at
10 mm standoff in comparison to 49 mm at 25 mm standoff.
The data in Fig. 4.8 and Table 4.2 represent the worst-case-scenario where the
location of the peaks in the spatial distribution of the magnetic flux density caused
by the steel block fall on the same radial line as the sensor. Figures 4.9 and 4.10
show the same relationships as Fig. 4.8, but now with the block circumferentially
misaligned with the sensor by 15° (sensor position 2 in Fig. 4.7) and 30° (position
3 in Fig. 4.7) respectively. In these figures, it is shown that the perturbation from
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Table 4.2: Comparison of the radial separation between a µr = 100 block and a sensor
aligned axially and circumferentially with the block for which the resulting perturbation
in magnetic flux density profile is of equal magnitude as a 3T × 3T × T3 concave defect
located in the outer surface of the pipe.
Block
side-length
(mm)
Standoff (mm)
Radial separation at which block
signal amplitude matches
3T × 3T × T3 pk-pk signal (mm)
for Br for Bz
10 10 18 13
25 10 32 27
10 25 67 29
25 25 71 48
the ferromagnetic block is much less severe that in the case when it is aligned with
the sensor.
The angular extent over which the block perturbation is greater than the defect
signal amplitude was computed. The results are shown in Fig. 4.11a for ∆ = 10 mm
and Fig. 4.11b for ∆ = 25 mm. To calculate these curves, the block was positioned
axially in line with the sensor, and the angular extent over which the absolute values
of Br and Bz exceeded those of the concave defect were calculated as the distance
between the block and pipe was increased.
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Figure 4.9: Magnetic perturbations at (a) 10 mm and (b) 25 mm standoff from the pipe,
sensor is circumferentially offset by 15° from the peak signal due to the block.
The curves in Fig. 4.11 show that when the sensor is positioned at a higher
standoff, the perturbation from the steel cube is greater than the defect signal over
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Figure 4.10: Magnetic perturbations at (a) 10 mm and (b) 25 mm standoff from the
pipe, sensor is circumferentially offset by 30° from the peak signal due to the block.
a larger angular range than when the sensor is positioned closer to the pipe. Clearly,
the larger cube is more detrimental to the signal than the smaller cube. In the worst
case scenario modelled, the sensor is at 25 mm standoff and the block is positioned
5 mm further from the pipe than the sensor. Here, there is an angular range of 58°
over the circumference where the block perturbation is greater than the defect signal
in Br. For the 10 mm side length block at the same distance, the angular range that
exceeds the defect signal falls to 36° in the radial component and 24° in the axial
component.
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Figure 4.11: The angular range over which the amplitude of the current deflection signal
from an outer wall 3T × 3T × T3 defect is exceeded by the perturbation caused by a 10 mm
or 25 mm side length steel cube at various radial distances from a sensor positioned at (a)
10 mm and (b) 25 mm standoff.
Simple Pipe Support or Nearby Pipes
As an extension to the study of magnetic flux density perturbations caused by
external ferromagnetic objects, a model was created with two carbon steel (µr =
100) 6” schedule-40 pipes crossing perpendicular to one another, where the upper
pipe carries 2 A current. The pipes are separated by 50 mm. The geometry was
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specified to study the effects of large ferromagnetic objects near the pipe under
test. Symmetry was employed to eliminate the need to model where x < 0 to
reduce the solution time. As the pipes were not in electrical contact, the resulting
magnetic perturbation is caused only by flux concentration of the induced field by
the lower pipe. Figure 4.12 shows the radial (Fig. 4.12a), axial (Fig. 4.12b) and
azimuthal (Fig. 4.12c) components of B outside the insulation/coating of the top
pipe at 25 mm standoff.
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Figure 4.12: Perturbations of (a) Br (b) Bz and (c) Bθ at 25 mm standoff from a 6”
schedule-40 pipe carrying 2 A crossing above a pipe or support of the same dimensions.
Minimum pipe separation is 50 mm.
Near to the crossing point, the induced magnetic field becomes greatly distorted
(order of µT) by the bottom pipe. The magnitude of the perturbation exceeds that
of a 3T × 3T × T
3
outer wall defect for sensors that are axially located more than
1 m from the pipe crossing (|z|<1 m). The magnetic field perturbation spreads out
as the distance from its source increases and when |z|>0.5 m, the spatial gradient
of the components of B is low (<10 nT variation over 50 mm). This suggests that a
gradiometer formed by multiple sensors separated by less than 50 mm may be able
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to suppress the perturbation due to the pipe crossing while preserving the defect
signals local to the gradiometer that vary over a length scale comparable to the
sensor separation (c.f. Fig. 3.6, page 59).
The model result suggests that external scanning will be very difficult within
around 1 m of where a pipe crosses near to another pipe, or rests on a large ferro-
magnetic support. If the pipe is in electrical contact with the support (not considered
in this model) the current distribution would also be disturbed, which would result
in a further perturbation of B. The current density in the remainder of the pipe
would reduce after points in which current could escape, which would limit the test
range by lowering the sensitivity to defects. This simple model has qualitatively
highlighted potential limitations of the technique when scanning near pipe crossings
or supports.
4.4 Pipe Bends
At a pipe bend the current will preferentially flow on the inner side of the bend as it
offers the shortest path. Consider a coordinate system where eˆz is defined as parallel
to the pipe axis throughout the bend. The axial component of the current density
Jz is much higher at the internal radius of the bend than at the external radius so
the induced Bθ is also much greater on the inner side of the bend. Bθ is shown
in Fig. 4.13c at 25 mm standoff from a 6” pipe with 2 A quasi-DC current, with a
bend of 60° and bend radius of 1.5× the pipe outer diameter, OD. As the signal
from current deflection is proportional to the current amplitude, the sensitivity is
effectively increased by a factor of 2 at the inner radius while the sensitivity at the
outer radius is decreased.
The axial and radial components of B which are identically zero on a uniform,
defect-free section of straight pipe exhibit perturbations due to the bend. Fig-
ure 4.13b shows the quadripolar variation in Bz which is induced from the non-zero
Jr caused by the current flowing towards the inner radius during the approach to
the bend, and to the outer radius at the bend exit. A perturbation in Br also re-
sults from the azimuthal current flow near the bend. For this bend geometry, the
peak-to-peak variation in Br and Bz and Bθ are 300 nT, 280 nT and 2380 nT respec-
tively - orders of magnitude larger than the amplitude of the defects modelled in
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Figure 4.13: (a) Radial, (b) axial and (c) azimuthal components of B plotted on a
surface at 25 mm standoff from a bended section of a 6” schedule-40 pipe carrying 2 A
quasi-DC current (bend angle: 60°, radius: 1.5× OD). The unit vector eˆz points along the
pipe axis.
the previous chapter. Various bend geometries were modelled with angles ranging
from 5° to 90° and with radii of 3-6×OD. The peak-to-peak variation in Br, Bz and
Bθ increased for bends of smaller radius and greater angles. For the shallowest bend
of 5° with a bend radius of 3×OD, the perturbations in Br, Bz and Bθ were 50 nT,
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44 nT and 311 nT respectively, rising to 330 nT, 300 nT and 2600 nT for a 90° bend
with a bend radius of 1.5×OD. To improve current deflection measurements taken
near bends, it may be possible to suppress the perturbations in B caused by the
bend by subtracting the results of an FE model for the same geometry so that only
the response from defects remain; however, in practice this may be complex and
time consuming to implement.
Maintaining sensor alignment on a sharp bend would also be challenging. The
sensors must stay concentric with the intended measurement orientation of B be-
cause, if this were not achieved, the large Bθ may swamp defect signals in Bz or Br.
The issues discussed in this section must be considered when assessing the feasibility
of scanning at a bend.
4.5 Seamless Pipe Noise
Two types of pipe are prominent in the petrochemical industry: seamless pipes
that are extruded from a solid cylindrical steel “billet”, and seamed pipes that are
manufactured by rolling a metal sheet into a tube and joining the seam with a weld.
Seamless pipes can be manufactured by piercing the hot billet with a mandrel. Two
offset tapered piercing rolls are positioned either side of the billet (Fig. 4.14). The
rolls have the effect of drawing the billet forwards whilst deforming it into a rotating
ellipse. The shearing force from the ellipse causes a crack to form in the centre of
the billet which is forced over the pointed mandrel that sets the inner diameter of
the tube. The outer diameter can then be reduced with further shaping rolls, or the
inner diameter could be increased by passing the hot tube over an enlarged mandrel.
This process is known as the Mannesmann process, and is able to produce tubes
up to around 300 mm in diameter. For larger diameter pipes the similar “Stiefel
process” is used which replaces the tapered rollers with large conical discs (Brensing
et al. 2015; DeGarmo et al. 2003).
When analysing Magnetic Flux Leakage (MFL) data from seamless pipes a helical
perturbation in the magnetic signal can often be observed. This has bee n referred
to in the literature as “seamless pipe noise” (SPN), which is problematic as flux
leakage from defects can easily be hidden, leading to an increased number of missed
defects when pigging (Han 2008). The pipe wall thickness, magnetic property and
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Figure 4.14: The Mannesmann process of manufacturing seamless steel tubes. (Adapted
from DeGarmo et al. 2003).
micro-structure variations can all alter the path of magnetic flux, thus contributing
to this SPN. Willcock et al. measured the magnetic and metallurgic properties as a
function of position around the pipe circumference and found there to be no changes
in magnetic properties associated with a four-cycle spiral variation in wall thickness
that was associated with the tapered pipe rollers (Willcock et al. 1987). A weaker,
single-cycle spiral variation in thickness (likely due to mandrel misalignment) was
noted along with an associated change in both magnetic properties and pearlite
fraction. Certain phases in steel are ferromagnetic, therefore a change in the relative
composition of steel from the different ferromagnetic phases results in changes in
magnetic properties (Willcock 1985). The mechanism of how the phase changes
occurred during the manufacturing process still remains unclear.
Despite the lack of literature concerning the origins of SPN, a number of different
algorithms have been proposed in order to correct for the periodic noise and consid-
erably improve the detectability of defect signals (Afzal, Polikar, et al. 2001; Afzal
and Udpa 2002; Han 2008); however, it was not clear how this noise would affect
the current deflection technique which has comparatively higher standoff and lower
magnetic field levels to MFL. The magnetic flux density surrounding a seamless
carbon steel pipe was therefore mapped at standoff distances of 10 mm and 50 mm
with a current frequency of 5 Hz and 25 Hz. The axial scanning interval was 5 mm
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and the circumferential interval was 20°. The scan was later repeated at the same
standoff, but with a much smaller sampling interval of 5° and 10 mm. The results
from the scans at ∆ = 50 mm with 2 A, 5 Hz current are shown in Fig. 4.15, where
the first scan (labelled “measurement A”) has been linearly interpolated to 5 times
the scanning resolution to ease visualisation, and the second scan (“measurement B”)
has not been interpolated. The figures clearly exhibit the periodic helical variation
in B associated with SPN, most clearly seen in the axial component (Fig. 4.15b).
In addition to the SPN, there are also regions of increased intensity along the
pipe axis centred around 0° and 180° in the radial and azimuthal components of B
in Fig. 4.15 that can be attributed to the regions of increased wall thickness (shown
previously in Fig. 4.2b, page 84). The low standard deviation in thickness along
the pipe axis corroborates the fact that the high intensity region is not present
in Fig. 4.15b as the current cannot be perturbed much in the azimuthal direction
because the wall thickness exhibits very little variation along the pipe axis. Fur-
thermore, the perturbations at the leftmost edge of Fig. 4.15b and Fig. 4.15c can
be attributed to the spreading out of current from the injection points. The peak-
to-peak amplitudes between measurements A and B are similar, showing good scan
repeatability despite having modified the scanning system, and having moved to
a new laboratory environment in the 15 months between the measurements. The
discrepancies are likely due to slight alignment and standoff variations. A region
of increased random noise is present in measurement B around 280°; this signal is
believed to be a measurement artefact.
An FE model was developed to further study the potential causes for the mea-
sured profiles of B. A pipe carrying 2 A was modelled, and an approximation of the
measured thickness profile was incorporated into the model by applying the profile
shown by the dotted line in Fig. 4.2b (page 84). A helix with its major axis lying
along the pipe centreline and with a pitch of 350 mm was used to define a volume
at the pipe outer wall that extended to a maximum depth of a third of the wall
thickness, as shown in Fig. 4.16.
This volume was defined to have increased magnetic permeability to the sur-
rounding metal, which had the effect of distorting the induced magnetic field by
concentrating the magnetic flux. The values used for the relative magnetic per-
meability were based on measurements conducted on the pipe. A Fischer FMP30
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Figure 4.15: Spatial distributions of the (a) radial; (b) axial and (c) azimuthal compo-
nents of the magnetic flux density measured at 50 mm standoff from a defect free seamless
carbon steel pipe carrying 2 A, 5 Hz current. A: March 2015 scan (interpolated). B: June
2016 scan (not interpolated). FE: flux density prediction surrounding a pipe with helical
inclusion of increased relative permeability (details in text).
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Figure 4.16: Schematic of FE model used to investigate seamless pipe noise. Solution
surface at ∆ = 50 mm.
feritscope was used to measure the ferrite percentage (Fe%) over at least one period
of the helical pattern in Fig. 4.15 (9 axial positions along a 400 mm section in the
centre of the pipe at 72◦ azimuthal increments) and three repetitions were averaged.
The measurement frequency of the instrument is 160 Hz, at which the skin depth is
approximately 1.6 mm, so the permeability of just the upper layer of the material
can be estimated. An empirical relationship from (Yin et al. 2009) was used to con-
vert the measured ferrite percentages to relative permeabilities that could be applied
to the FE model of the helical inclusion. The maximum and minimum values are
summarised in Table 4.3, where the uncertainty on Fe% is the standard deviation
and the uncertainty on µr was calculated using standard error propagation formulae.
Table 4.3: Maximum and minimum ferrite percentages of a seamless carbon steel pipe
with relative permeability calculated following (Yin et al. 2009).
Along Axis Around Circumference
Max Fe% 78±2 78±3
Min Fe% 66±2 65±2
Max µr 125±4 125±5
Min µr 93±3 91±3
The measured Fe% varied between 65 and 78, which is similar to the range of
72.9 to 85.4 reported by (Willcock 1985) for a similar pipe material. Based upon the
measured values, the relative magnetic permeability of the helical volume was set to
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a value of µr = 125 and the rest of the pipe to µr = 90. The FE model was solved
and the resulting perturbations in the components of B are shown in Fig. 4.15 where
the spatial and colour scales used are the same as for the plots of the measured data.
The features present in the FE results match those present in the measured data,
particularly the diagonal striping and the high intensity regions in Br and Bθ due to
the wall thickness profile. The absolute amplitude changes appear smaller in the FE
result, which is likely due to uncertainty in the feritscope measurement or the shape
of the helical inclusion used in the model. The contact feritscope probe records at a
single point on the pipe surface where µr may be locally inhomogeneous; however, B
is shown here at ∆ = 50 mm where local variations in µr will have become smeared.
This FE model suggests that local variations in the magnetic permeability are the
probable cause of the features noted in current deflection scans of seamless pipe. It
is also possible that an electrical conductivity variation in the helical region could
also result in a similar magnetic profile, as it would perturb the current in the pipe
that induces the magnetic flux density being measured; however, the variation in
conductivity within a single steel sample is typically low in comparison to magnetic
permeability.
4.5.1 Relative Permeability Measurements Using Eddy Cur-
rent Techniques
Eddy current testing is capable of distinguishing whether the magnetic response of
a material is predominantly due to electrical conductivity or magnetic permeability
variations, as these are the two most important physical parameters of conducing
materials that directly affect the eddy current response. Eddy current probes are
highly sensitive to conductivity variations at high frequencies, whereas the effect
of permeability on the impedance of the probe coil is less strongly dependent on
frequency and dominates at low frequencies. Faraday’s law also states that the in-
duced eddy current amplitude is greater for a faster rate of change of flux. These
factors mean that the amount that the magnetic permeability affects the appar-
ent eddy conductivity decreases approximately proportionally to the square root
of frequency (Nagy 2011). These effects are illustrated in Fig. 4.17 which shows
the complex impedance plane on which the response of the eddy current probe is
visualised during testing.
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Figure 4.17: A schematic diagram of the complex impedance response of an eddy current
probe coil. The coloured arrows show the trajectory of the probe response to a change in
conductivity, frequency, probe lift-off or magnetic permeability. Four example cases have
been plotted at different frequencies (or conductivities). (Reproduced from Nagy 2011).
On Fig. 4.17, the dotted boxes represent the section of the impedance plane vi-
sualised during testing. The box orientations differ because the phase angle is often
altered in order to separate the effects of lift-off (standoff in “eddy current termi-
nology”) from the apparent conductivity. In eddy current equations, the electrical
conductivity is always multiplied by a coefficient of frequency, so frequency and con-
ductivity variations result in the complex impedance response of the probe following
the same trajectory indicated by the red arrows. At high frequencies, the impedance
response of the coil is dominated by conductivity variations, and an increase in the
magnetic permeability will appear as a small decrease in the apparent conductivity.
The probe lift-off trajectory (blue arrows) is out of phase with these two effects, so
it can easily be suppressed.
An increased magnetic permeability affects the complex impedance in two ways.
Primarily, it increases the magnetic flux density in the coil itself which results in an
increase in the reactance of the probe coil. Secondarily, it reduces the penetration
depth of the secondary eddy current in the material which changes the total flux
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crossing the probe coil and results in an increase in resistance. The primary effect
is independent of frequency but the secondary effect is proportional to frequency
which explains why the green arrows in Fig. 4.17 rotate clockwise with increasing
frequency. At low frequencies (typically less than a few hundred Hz), the primary
effect dominates and the permeability variation has a relatively large influence on
the coil impedance compared to the conductivity. The permeability trajectory is
now out of phase with those due to lift-off and conductivity variations; however,
this higher selectivity to permeability comes at the cost of lower absolute sensitivity
and an inability to separate the effects of lift-off and apparent conductivity.
With respect to the study of SPN, this means that an eddy current test conducted
at a low frequency, where the instrument is insensitive to conductivity variations,
could determine whether the source of the helical pattern in the magnetic field is
due to local variations in the magnetic permeability. A manual scan path of 700 mm
along the pipe axis was performed using a Nortec 2000S system, which covered two
periods of the helical variation. The probe with the largest coil available was used
(15 mm diameter pancake coil) as lift-off effects are difficult to control in smaller
probes. In the manual test, the curvature of the pipe meant that lift-off effects were
difficult to suppress so the scanning frame was modified to hold the eddy current
probe so the lift-off could be well controlled. This is shown in Fig. 4.18 where the
probe was spring-loaded against the pipe surface, and a 1 mm protective cap was
placed over the probe to ensure the coil was not damaged. The coil voltage data
was stored automatically via a LABVIEW interface.
A scan of the pipe surface with an axial resolution of 5 mm and circumferential
resolution of 5° was completed at frequencies of 220 Hz, 10 kHz and 30 kHz. The
phase angle was adjusted such that the horizontal voltage corresponded to the tra-
jectory of the lift-off. The results can be seen in Fig. 4.19 where the two higher
frequency scans have been averaged to reduce noise. The gain was adjusted so that
the full voltage range was used, although unintentionally the positive voltage sat-
urated at a number of points in Fig 4.19b. The colour scale has been omitted as
the voltage was not calibrated to give absolute values of µr; however, the colour
scales of the figures have been approximately matched based upon the maximum
and minimum recorded signals, to aid comparison.
The electrical conductivity variation in a steel pipe is expected to be low, so it
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Figure 4.18: Schematic of scanning frame used for mapping permeability and conductiv-
ity in a seamless carbon steel pipe.
can be concluded that the pattern in Fig. 4.19 is due to variations in the magnetic
permeability. This is further justified by the fact that a similar distribution in
the eddy current voltage can be seen in the scans completed at both high and low
frequencies, which appear distributed as a helix with the same ∼ 350 mm pitch as
seen in the B scans of Fig. 4.15. There is a feature present between 90° to 135°
in 4.19a that is not in 4.19b which corresponded to a strip of oxidised steel on
the pipe outer surface. This likely resulted in a lift-off variability that registered a
vertical voltage signal in the low-frequency measurement where lift-off and apparent
conductivity effects can not be fully separated.
This study has investigated the influence of SPN on current deflection measure-
ments. The peak-to-peak of the variations in B from the SPN are of the same order
of magnitude as the current deflection signals resulting from a 3T × 3T × T
3
outer
wall defect; therefore, it is important that the noise can be suppressed if current
deflection NDE is to be applied successfully to flaw detection on seamless pipes by
scanning. A literature review and subsequent finite element modelling suggested
that the noise was due to variations in the relative permeability caused by the pipe
manufacture process. This was subsequently confirmed with eddy current testing.
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Figure 4.19: Eddy current scans of seamless carbon steel pipe taken at (a) 220 Hz and
(b) average of the scans at 10 kHz and 30 kHz. The amplitude scale is arbitrary, although
the colour scale of the figures has been approximately matched to ease comparison. (Figure
may be clearer if viewed on screen).
As the noise originates during pipe manufacture, the spatial distribution of SPN
should not change over time so it should have little effect on the sensitivity of a
current deflection SHM solution using permanently installed sensors.
4.6 Effect of Movement during Acquisition
As explained in the previous chapter, phase-sensitive detection is a requirement
in order to attain sufficient sensitivity to the weak magnetic signals from current
deflection. This involves interrogating the sensor for a number of measurement cycles
to attain a satisfactory signal-to-noise ratio. This averaging time is dependent on
the frequency of inspection and the noise density of the sensor. For carbon steel
pipes with a wall thickness around 10 mm, 1 Hz current is often required for quasi-
DC behaviour, which demands an averaging time of 1 s to 10 s (for the selected AMR
sensors, Fig. 3.9, page 3.9).
In the laboratory tests, the sensor remains stationary during acquisition which
enables a high-resolution map of the magnetic flux to be obtained, but this is only
feasible due to the lack of time constraints on the measurement. In the field, the
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sensor could be moved between stationary measurements, but a simpler scanner
would instead be moved at a constant speed along the pipe which would cause
the received magnetic signal to be averaged over the distance in which the sensor
moved during acquisition. Two extreme cases were considered, one in which the
averaging begins when the sensor is directly over the defect, and the other in which
the sensor passes over the defect during the scan which has a total length a, as
shown in Fig. 4.20a. The maximum scanning speed v will be restricted by the
required averaging time (dictated by the noise level), and the reduction in the axial
resolution of the signal that can be tolerated while still being able to detect the
defect.
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Figure 4.20: The sensor moves from the start position (closed circle) to the finish position
(open circle) at a constant speed v. Two measurements are illustrated in (a), 1 where the
defect is in the middle of the scan path or 2 for when a scan path of length a begins at the
defect centre (z = 0). In case 1, the magnetic flux density profile (measured at ∆ = 10 mm
above a 2 mm wide T2 flat-bottomed slot) shown in (b) would be averaged over the width
of the red area, a. In 2 it would be averaged over width of the blue area.
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As the sensor moves at a constant speed, the smearing effect can be studied by av-
eraging the defect profile (measured using finely sampled stationary measurements)
over the scan length. This is practically simpler than taking multiple measurements
for different scan lengths as the spatial distribution of the defect can be obtained in
a single measurement (as shown in Fig. 4.20b) or FE model. In order to prove that
these two scenarios are equivalent, a sensor was interrogated during axial paths of
various lengths that passed over the edge of a defect, as shown in Fig. 4.21. A scan
path passing over the azimuthal centre over the defect was not chosen, as Bz and Br
are identically zero here (for clarity on this statement, see Figs. 3.6a and 3.6b, page
59). The result was compared to the average of the magnetic flux density profile
over a distance a, as illustrated in Fig. 4.20b.
×2 mm slot
Sca
n d
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tion
T
2
Figure 4.21: Scan path of sensor array relative to T2 flat-bottomed slot.
The perturbations in Fig. 4.20b centred at z = 0 mm are due to current deflection
from the 2 mm wide T
2
flat-bottomed slot. Figure 4.22 shows the comparison of the
measurements acquired with a sensor moving a distance a in 20 s to those generated
by averaging the B profile over the same distance a. There is good agreement
between the dashed and solid curves, demonstrating their equivalence.
The curves in Fig. 4.22 tend to the baseline values of each component of B
shown in Fig. 4.20b, so the maximum deviation from the baseline (i.e. the signal)
is recorded with a point measurement or an averaging distance of a = 0 mm. Bz
shows very little deviation from the baseline value because, unlike Br and Bθ, the
perturbation is almost entirely antisymmetric about the defect centre, so the positive
and negative excitation from either side of the defect will cancel one another. In
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Figure 4.22: Taking multiple scans of different lengths at ∆=10 mm above a 2 mm wide T2
flat-bottomed slot is equivalent to averaging many stationary measurements over a distance
a.
this case, where ∆ = 10 mm, the perturbation in Br when a = 65 mm is half of the
amplitude from the baseline compared to when a = 0 mm. Assuming an averaging
time of 1 s, this corresponds to a measurement speed of 65 mm s−1.
A validated FE model of the scenario shown in Fig. 4.20a was used to study
the effect of other parameters such as the standoff on the measurement speed. The
trajectory of the scan was in the axial direction and over the edge of 3T × 3T × T
3
defect for the radial and axial components of B and directly over the defect for Bθ.
To analyse how much the movement of the sensor could reduce the sensitivity, the
average of the magnetic flux density components over a were then normalised to
their maximum amplitude, which is equivalent to a stationary sensor positioned in
line with the defect for Br and Bθ (a = 0). For Bz, the signal is antisymmetric
about the defect centre, so the maximum value occurs in the region 0 < a < 0.1 m.
In figures 4.23a-4.23c, the perturbation is more diffuse at higher standoff, causing
the signal amplitude to reduce more slowly with increasing a. This result seems to
indicate that faster movement would be permitted at higher standoff; however, the
signal is also a lower amplitude here, so a longer averaging time may be required to
achieve a satisfactory signal to noise ratio for the weaker signal which may negate
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the apparent increase in speed.
The dashed and solid lines in Fig. 4.23 show the two extreme cases of when the
sensor interrogation begins directly above the defect (solid lines), or when the defect
is directly at the centre of the distance travelled during acquisition (dashed lines).
Figure 4.23a and 4.23c show that the signal amplitude drops almost twice as quickly
with a for scenario 1 because the average distance from the sensor to the defect over
the scan is twice as large as for the scenario 2. Averaging while moving will have the
effect of reducing the axial scan resolution so features with axial antisymmetry such
as Bz signal will often be completely suppressed if the averaging distance a is much
larger than the axial extent of the signal. This is the reason why the amplitude of
scan 1 in zero in Fig. 4.23b.
This study has illustrated the factors that should be considered when determining
the maximum scanning speed. As is common in NDE, there is a compromise between
sensitivity or resolution and scanning speed. It is not possible to determine the exact
speed limits of a scanning system as it will be dependent on the standoff, current
amplitude, defect geometry, ambient noise level etc.; however, some assumptions
can be made for a typical scenario to give an order of magnitude estimate. Assume
that the signal from a 3T×3T× T
3
defect could be detected with a 1 s averaging time
at ∆ = 25 mm, and the current amplitude meant the defect signal strength were
high enough that a 50 % reduction in amplitude due the sensor movement could be
tolerated. The maximum scanning speed in this case would be around 100 mm per
second.
4.7 Sensor Alignment
The previous sections in this chapter have demonstrated that the signal measured
outside the pipe consists of not only contributions from current deflection from
defects, but also from spurious signals that arise from changes in the current dis-
tribution due to slight wall thickness changes, pipe features, external ferromagnetic
objects etc. As these effects often vary over a much longer wavelength than the
defect, they can be effectively suppressed by combining the measurements from
multiple sensors to form a gradiometer. This principle has successfully been applied
to detect magnetic anomalies in geophysics (Beiki et al. 2012; Z. Li, Dixon, Cawley,
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Figure 4.23: Predicted amplitude of a signal received by a (a) radially, (b) axially (where
scenario 1 is at zero amplitude.) or (c) azimuthally oriented sensor moving at a constant
speed in an axial scanning path of length a above the edge of a 3T × 3T × T3 outer wall
defect. Signal has been normalised to the maximum amplitude. The scenario numbers
correspond to those shown in Fig. 4.20a.
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Jarvis, and Nagy 2017), and to locate ferromagnetic targets in the presence of the
geomagnetic field (Gang et al. 2016; Janošek et al. 2016). Recently, the concept
has been adapted for magnetic NDE of pipelines (Song et al. 2017). In the current
deflection method, the static geomagnetic field is suppressed by using alternating
current injection and sensing; however, the injected current in the pipe induces a
large azimuthal component which could saturate the sensors and mask the defect
signal if any misalignment were to occur during the scan. A second-order gradiome-
ter is proposed to suppress the slowly varying magnetic signals, and to reduce the
severity of errors due to sensor misalignment.
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Figure 4.24: Schematic of 2nd order gradiometer sensor configuration. Sensors shown are
radially oriented. (a) 3D view (b) top-down (c) slice through axis, (d) slice along axis.
Magnetic vector sensors are positioned at each corner of a square as shown in
Fig. 4.24 where the constituent sensors are oriented to detect the radial field. Note
that a local co-ordinate system (x, y, z) with origin in the centre of the gradiometer
is used in addition to the global co-ordinate system of the pipe (r, θ, z) where y is ap-
proximately aligned with r and x with θ. The measured quantity is the second-order
gradient of the field with respect to x and z. Using a finite difference approximation,
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the gradient at the centre of the gradiometer is given by
∂2Bα
∂x∂z
s2 ≈ Bα,A +Bα,C −Bα,B −Bα,D (4.1)
where α = x, y or z, s is the sensor separation and the subscripts A-D refer to the
different sensors shown in Fig. 4.24. The gradiometer is more effective at suppress-
ing misalignment errors at higher standoff as the azimuthal field drops with 1
r
. In all
of the results presented in this thesis, the scans were completed with single sensors
and the gradiometer was formed synthetically which allowed the parameter s to be
investigated without needing to manufacture multiple sensor arrays. In the field,
however, a scanning system offering precise sensor positioning would likely not be
possible, so the gradiometer must be formed with hardware. Hardware subtraction
is only effective if the sensitivity of each constituent sensor is matched. Sensitivity
variation can be caused by thermal gradients, sensor ageing, nonlinearity etc.; for the
chosen sensors, this can usually be confined to less than 1% (Sensitec MagnetoRe-
sistive Sensors 2011). The gradiometer will enhance signals whose peak locations
are separated in either x or θ by the the sensor separation, s, while simultaneously
suppressing signals whose amplitude varies on a length scale much greater than s.
This will be investigated in more detail in a later section.
4.8 Conclusions
This chapter has explored a variety of factors that have potential to contribute
to the signal measured using current deflection NDE. Firstly, the magnetic signal
due to slight wall thickness variations within the manufacturing tolerances of a
number of pipes was investigated. Mapping the wall thickness of sections of steel
pipe revealed a thickness variation that was stronger in the circumferential direction
than in the axial direction. This conclusion, which was true for both seamless and
longitudinally seam-welded pipes, prompted the development of a 2D FE model
which revealed that the distribution of current in a pipe of non-uniform thickness
could cause variations in the magnetic flux density that are similar in magnitude to
the current deflection signals from defects. A study into the roughness of a semi-
ellipsoidal defect revealed that the roughness perturbation is only significant at a
low standoff. The perturbations in B due to roughness diffuse with standoff and the
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signal from a rough defect resembles that of a smooth one of equal volume.
Ferromagnetic objects concentrate magnetic flux and, if located near the sensors,
could cause field perturbations that may be misinterpreted as defects. An FE study
showed how this effect could potentially result in false positives if an object such
as a steel nail were located near (tens of mm) to the sensor. The influence of
a much larger ferromagnetic object such as a pipe was modelled which revealed
that the distortion caused by flux concentration is likely to significantly impair
the sensitivity when the sensors are around 1 m from the interfering object. An
additional numerical model implied that scanning would be difficult near a bend
in the pipe due to perturbations in B because of the redistribution of the current
caused by the bend. Grounded pipe supports or earth connections would limit the
distance between current injection points.
Measurements of the induced B surrounding a current-carrying seamless pipe
revealed a signal that was distributed in a helix. It was discovered through a litera-
ture review that this signal is known as “seamless pipe noise” and subsequent testing
revealed that it is due to variations in the magnetic permeability that likely occur
during the pipe manufacture process. The amplitude of this signal is similar to that
expected from current deflection around defects, which implies that the scanning
of seamless pipes will be difficult. A number of algorithms for the suppression of
similar signals exist, and future investigation into their performance with respect to
current deflection signals would be beneficial, however this was out of the scope of
the current work.
The use of phase-sensitive detection at low frequencies (0.1 Hz to 10 Hz) demands
a relatively long (order of seconds) acquisition time. Movement of the magnetic
sensors during this time will reduce the measurement resolution in the direction
of movement. This effect places a speed limit on the scan whose amplitude will
by determined by how much of a reduction in resolution can be tolerated in order
to sustain an acceptable performance. The instability of the sensor orientation
throughout the scan has potential to limit sensitivity due to the large azimuthal
field polluting the other components of B where small changes due to defects are
expected.
The effects discussed so far are all detrimental to the technique performance and
should be suppressed. In certain cases this can be achieved by combining multiple
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sensors to form a gradiometer. For example, the interference in B that results from
deviations in wall thickness within manufacturing tolerances varies more slowly with
axial position than the expected perturbation from a 3T × 3T × T
3
defect; therefore,
it can be suppressed with a gradiometer. The gradiometer also removes the large
azimuthal signal and enables suppression of the noise due to misalignment of the
sensor throughout the scan.
Many of the practical challenges explored in this chapter are problematic be-
cause they produce a signal that varies as the sensor is moved. Provided they are
stable, permanently installed sensors are not affected by spatial variations in B, so
techniques such as baseline subtraction would leave an SHM method unaffected by
each of the discussed effects that are not expected to change over time (e.g. bends,
SPN, thickness variation at pipe manufacture). The suitability of current deflection
as an SHM solution will be explored in a later chapter, while the following chapter
analyses the performance of the technique in scanning mode by considering how the
concepts introduced here might contribute to a practical test.
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rent Deflection Scanning using a
Model Assisted Probability of De-
tection Framework
5.1 Introduction
The results presented in chapter 3 suggested that current deflection from defects in
a pipe could be detectable using AMR sensors at around 50 mm standoff using a
few amps of injected current. However, before any NDE technique can reliably be
implemented for general use in an industrial setting, its performance must first be
rigorously studied.
The most common metrics of performance for NDE techniques are the expres-
sions of the Probability of Detection (POD), which describes the likelihood of cor-
rectly identifying a defect, and the Probability of False Alarm (PFA), which describes
the probability of labelling an undamaged area as defective. The Receiver Operat-
ing Characteristics (ROC) method expresses both the POD and PFA as orthogonal
axes of the same graph and is a convenient way of illustrating the performance of
an NDE technique (Swets 1983).
Traditionally, ROCs have been determined entirely empirically by manufacturing
test pieces containing artificially produced defects of interest that increase in size
or depth (Knopp et al. 2007). The number of test pieces must be large enough to
account for statistical variability and the scatter in measurements that may be ex-
pected in a practical setting, e.g. due to changing Environmental Operating Condi-
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tions (EOC), must be accounted for. Blind tests are then performed which determine
the POD and PFA accordingly. The manufacture and subsequent examination of a
large number of test pieces with different defect morphologies over different EOC is
expensive and time consuming. Due to the rapid advancement of computing power
in the last decade, Finite Element (FE) modelling now permits a very accurate and
rapid prediction of the signal from a large number of defect geometries; therefore,
there have been efforts to use Model-Assisted Probability of Detection (MAPOD) to
generate POD and ROC curves more quickly and efficiently. Multi-parameter POD
studies can be completed, and even a “volume POD” can be created that encom-
passes all possible test parameters (Carboni et al. 2012; Knopp et al. 2007; C. Liu
et al. 2017; Müller et al. 2009).
A framework for efficiently generating the ROCs of practical Structural Health
Monitoring (SHM) applications has been presented by Liu et al. (C. Liu et al.
2017). In their proposed methodology, experimental data is collected for an undam-
aged structure over multiple EOC onto which synthetic damage signals are added
by superposition. Decoupling the effects of environmental variations and damage
growth on the received signal allows the performance of a permanently installed
SHM system to be evaluated in a practical setting. Although this framework was
designed for the evaluation of SHM techniques, a similar principle can be applied to
predict the performance of one-off inspections. In this chapter, the performance of
current deflection NDE for defect detection by scanning will be evaluated with this
method.
As the signal from current deflection can easily be predicted using numerical
modelling techniques, the key challenge is to establish a realistic estimate of the
magnetic signal due to everything but the defect to capture the variation in the
signal that may be expected in a practical scan. In Liu’s framework, different EOC
were the key drivers for signal variation so measurements of an undamaged structure
were taken at a range of temperatures; however, for the current deflection technique,
the following effects (most of which have been individually discussed in the previous
two chapters) contribute to the measured signal:
1. sensor and electronics noise;
2. temperature effects;
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3. variations in magnetic permeability (µ) within the pipe, or nearby ferromag-
netic objects causing distortion of the induced field from the injected current;
4. electromagnetic interference e.g. mains/line frequency at 50/60Hz;
5. variations in current distribution due to slight geometry changes in the pipe
from the wall thickness varying within manufacturing tolerances,
6. current distortion from non-critical general pipe corrosion.
7. misalignment of magnetic vector sensors during a scan
The amount by which each of these factors contributes to the total scan signal
can be determined from a mixture of experimental and FE analysis. FE can be
used where there is confidence that it is representative of a true practical scenario,
and for all other cases, experimental measurements of an undamaged structure must
be taken. A variety of defect signals can then be superposed onto the undamaged
structure signals (a combination of measurement and FE) to give different defect
scenarios with varying severity, position etc. which include the measurement varia-
tions seen on an undamaged structure. The undamaged structures for these scans
should be similar in condition, material and geometry to the structure on which
the desired NDE technique is to be used. The flowchart in Fig. 5.1a represents the
initial data collection of the undamaged structure signals, FE contributions to the
undamaged structure signal, and the synthetic defect signals. Figure 5.1b outlines
how each of these data are used to generate an estimate of the ROC.
The chapter is structured as follows. The synthetic scan is first introduced in
section 5.2.1, with subsections outlining how each of the contributions to the scan
are obtained. Section 5.3 then outlines how a detection algorithm is applied to the
generated scan to obtain ROC curves, which are then presented in section 5.4 for
a number of potential scan configurations. The discussion and conclusions then
follows in section 5.5. This chapter mostly comprises work that has been published
in NDT & E International (Jarvis et al. 2017a) (open access and licensed under CC
BY).
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Figure 5.1: Flowcharts for (a) data collection and (b) the model-assisted ROC prediction
for low frequency current deflection.
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5.2 Constructing the Synthetic Scan
5.2.1 Contribution from Scan of Undamaged Structure
Longitudinally seam-welded carbon steel pipe
Scans of the magnetic flux density surrounding a longitudinally-seam welded 6”
schedule-40 carbon steel pipe carrying 2 A current at 5 Hz were completed at stand-
off distances of ∆ = 25 mm and 50 mm to represent typical pipe insulation/coating
thickness. Figure 5.2 shows the induced magnetic flux density from a scan at
∆ = 25 mm with 2 A of current at 5 Hz. The axial pipe weld is located at 90°.
In the radial and azimuthal components of B, a perturbation can be noticed at
this azimuthal location, likely due to the weld material having different magnetic
properties from the surrounding metal. In the radial component this is shown by a
positive region between 0° to 90° and a negative region between 90° to 175° where
the magnetic field is being drawn in over the weld. This also causes the region of
high intensity in the azimuthal scan centred over the weld. Each of the scans exhibit
a magnetic flux density that varies slowly in the axial direction. The peak-to-peak
variation in the field is on the order of tens of nT for the scans of Br and Bz and
hundreds of nT for Bθ implying it would be preferable to use the radial and axial
components of B for defect detection. In practice, the azimuthal component of B
would vary from a value of around 1 µT to 2 µT at these standoffs; however, it has
been suppressed by the rod used for the return current path in these experiments.
The measurements presented here represent a much more realistic signal set for
the scan of a similar structure than could be predicted using FE alone as the noise
from a real transducer and instrumentation and the variability across a real pipe
are included. Time variation of the signal was determined to be minimal in this
study as the residual between repeated measurements on 4 consecutive days was
less than 1 nT in the Br and Bz and 2.5 nT in Bθ, which are orders of magnitude
smaller than the signal expected from defects of interest. At each sensor location, 35
averages were taken to ensure that random noise was effectively suppressed. At low-
frequencies (<5 Hz) each measurement should last several seconds to achieve a good
Signal-to-Noise Ratio (SNR); however, for practical tests where inspection time must
be minimised, an array of sensors could be manufactured to record data at multiple
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locations simultaneously. The passive environmental magnetic field of the laboratory
was measured over 0.1 Hz to 100 Hz prior to the test to ensure an operating frequency
free from electromagnetic interference that could reduce the SNR was chosen. The
result did not influence the choice of operating frequency as there was no significant
electromagnetic interference over this range; however, it would be important to
repeat this step for practical tests in an industrial environment. The bandwidth of
the lock-in amplifier should also be set to achieve a satisfactory SNR with maximum
measurement speed.
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Figure 5.2: (a) Radial, (b) axial and (c) azimuthal components of the magnetic flux
density at 25 mm standoff from a longitudinally seamed-welded carbon steel pipe carrying
2 A current at 1 Hz.
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Coated ex-service riser pipe
The results shown in the preceding section in Fig. 5.2 are from a pipe purchased
directly from the manufacturer so, to see how the signal would change on an more
realistic pipe, a scan of the magnetic flux density was also completed on an ex-service
riser pipe provided by Oceaneering International (Oceaneering International 2017).
Prior to the measurement, the pipe specifications were unknown, other than its di-
mensions of 150 mm nominal bore (6”) schedule 80 (wall thickness, T = 11 mm),
and 15 mm polyethylene coating thickness. As the wall thickness is more than 3 mm
greater than previously tested pipes, a lower frequency current to ensure quasi-DC
operation was necessary. Assuming µr = 100, the skin-depth, δ, is approximately
17.7 mm so a lower frequency 2 A current at 1 Hz was used to account for inho-
mogeneities in the material properties that have potential to reduce δ. The sensor
standoff, ∆, was 25 mm from the pipe outer surface (10 mm above the coating).
There are a number of distinctive features in the scans. The azimuthal flux
density in Fig. 5.3c exhibits a stronger variation in the circumferential direction
than the axial direction which is likely due to wall-thickness variations that would
not change significantly along the pipe axis. This could not be confirmed because it
was not possible to map the wall thickness without stripping the insulation coating;
however, it is consistent with the behaviour ofB on the scans of seamless carbon steel
pipe presented in the previous chapter (Fig. 4.15, page 104). The axial component of
B is not strongly affected by thickness changes, so Bz shows the distinctive helical
pattern associated with seamless pipe noise (SPN). The peak-to-peak amplitude
variation in Bz is approximately half of the other two components. The radial
component of B is affected by both SPN and the variations in thickness where the
latter effect dominates.
Only the undamaged structure scans of the longitudinally seam-welded pipe
will be considered in this chapter because a simple example is best suited to the
demonstration of the performance evaluation framework. The ex-service pipe will be
considered in the performance evaluation of current deflection SHM in the following
chapter, where spatial variations in B should not degrade the sensitivity.
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Figure 5.3: (a) Radial, (b) axial and (c) azimuthal components of the magnetic flux
density surrounding a seamless carbon steel ex-service riser pipe at 25 mm standoff with
2 A current at 1 Hz.
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5.2.2 Contribution from Shallow General Corrosion
In many cases, there may be some additional contributions to the signal that cannot
easily be captured with the scan of an undamaged structure. The undamaged pipe
scanned in Fig. 5.2 was procured in a “new” state; however, shallow general corro-
sion will cause some perturbation in the current distribution in the test piece, and
therefore in the induced magnetic field. In order not overestimate the performance
of the technique, this should be accounted for.
It has been shown in the literature that general uniform corrosion (i.e. not includ-
ing pitting) can be described statistically (Stone 2009), and several experimentally
measured surfaces have followed a Gaussian distribution of depths (Stone 2009; TWI
ltd. 2002). A surface profile was therefore generated using a Gaussian distribution
of depths with root mean square depth of 0.1 mm and correlation length of 5 mm,
based upon the levels used to model the general shallow corrosion from an undam-
aged section of pipe from (Dobson 2015), although ideally these would be matched
to the roughness characteristics of the target test structure. In a way similar to the
method described in section 4.2, the pipe was approximated as a 1 m2, 7.1 mm thick
plate to allow for simpler digitisation for FE and the generated roughness profile
was applied to the plate top surface. This methodology was used to generate 25
different profiles with the same roughness characteristics.
The FE simulation could not be readily solved at this point due to the computa-
tional burden of the requirement of having an element size small enough to resolve
the roughness. However, the roughness-induced disturbance to the field is not of
interest at the surface of the conductor but at some standoff distance ∆ so a spatial-
frequency Low-Pass Filter (LPF) may be used to approximate the representative
roughness profile for different standoff distances and so to simplify the FE mesh.
Assuming a linear filter, a magnetic dipole oriented parallel to the current direction
was used as the impulse function to approximate the LPF transfer function. This
approach assumes that the roughness can be represented by many magnetic dipoles,
which is a valid approximation for when the standoff is greater than the correlation
length. The magnetic field from a dipole is
B(r) = −∇ψ = µ0
4pi
(
3r(m · r)
r5
− m
r3
)
(5.1)
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where r is the distance vector from the dipole to the sensor plane, ψ is the scalar
potential andm is the magnetic dipole moment defined in this case to bem = mz. In
order to obtain the second-order LPF, a 2D Fourier transform was conducted in the
plane of observation at standoff ∆ = 25 mm or 50 mm, and also at a low standoff of
1 mm. The filter transfer function was then the ratio of the output spectrum (spatial
frequency of the dipole field at ∆) and the input spectrum (spatial frequency at 1 mm
standoff). The lack of periodicity at the edges of the representative roughness bring
in high-frequency components that do not satisfy the Nyquist criterion (Rice 1951).
For this reason, the filtering approach breaks down at low standoff values comparable
to the roughness correlation length; however, due to the size of the representative
rough surface and the fact that ∆ is larger than the correlation length, this was not
an issue.
The diffusion filter was applied to the 25 original representative rough surfaces
to smooth them to effective rough surfaces that could digitised for FE and solved
readily. For example, the representative rough surface shown in Fig. 5.4a was filtered
to effective surfaces at 25 mm and 50 mm shown in Figs. 5.4b and 5.4c respectively.
Note the effect of the LPF on the spatial frequency and amplitude of the surface
profiles. The effective rough surfaces were imported into the FE model and used to
define the thickness profile of the plate which could readily be digitized for FE, as
far fewer elements were required to satisfy the Nyquist criterion for resolving the
roughness. The FE model was then solved for Br, Bθ and Bz at 1 mm above the
current carrying plate, which was approximately equivalent to solving the model
with the representative rough surface at the higher standoff.
Figure 5.5 shows examples of the perturbation in the components of B due to
the current deflection from the the 10 mm correlation length, 0.1 mm RMS depth
rough surface shown in Fig. 5.4a. The current flows in the positive z direction. The
perturbation in Bx and By corresponding to the azimuthal and radial components
on a pipe scan exhibit approximately double the amplitude as in Bz, consistent with
the behaviour observed for the scan of the ex-service pipe (Fig. 5.3). To combine this
result with the defect-free scan when forming the synthetic scan, the respective com-
ponents of B for the same-off are summed over the scan area. This is demonstrated
visually in section 5.2.5.
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Figure 5.4: (a) Rough surface profiles generated with RMS depth of 0.1 mm, then filtered
to find the effective surface for sensors at (b) ∆ = 25 mm and (c) ∆ = 50 mm.
5.2.3 Contribution from Defects
The validated FE model used for the prediction of current deflection defect signals
has been discussed previously in chapter 3. Semi-ellipsoidal defects with 3 × T
diameter, and constant-depth longitudinal and transverse slots were considered. The
defect geometry is as shown in Fig. 3.5, page 57, although the slots in this study have
a narrower opening of 0.5 mm. The amplitude of the predicted defect perturbations
were similar to the results summarised in table 3.1, page 58.
5.2.4 Contribution from Gradiometer Misalignment and Sen-
sitivity Mismatch
In most practical applications, it is expected that misalignment will be the great-
est contributor to the noise; therefore, only by completing the scans of undamaged
pipes with a precise positioning system and applying realistic misalignment noise
by post-processing is it possible to separately study each of the contributions to the
signal outlined at the beginning of the chapter. The pipe scanning system (shown in
Fig. 3.11, page 68) uses a rod at the centre of the pipe for the return current which
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Figure 5.5: Perturbations in (a, b) Bx (c.f. azimuthal), (c, d) By (c.f. radial) and (e, f)
Bz (c.f. axial) due to a rough surface with 10 mm correlation length, 0.1 mm RMS depth
at (a, c, e) 25 mm and (b, d, f) 50 mm standoff. The mean field has been subtracted for
the plots of Bx.
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suppresses the large Bθ. The sensor and pipe movement is precisely controlled, and
constant alignment can be maintained throughout the scan; therefore, the equivalent
Bθ that would be measured without the rod could be added to the azimuthal scans
by superposition where necessary. A scan performed under realistic conditions is
unlikely to be able to maintain such precise sensor orientation throughout the scan.
A study was therefore completed to predict the amount by which potential misori-
entation of the sensors during a practical scan would affect the sensitivity due to
pollution of the small Br and Bz components with the large Bθ. A gradiometer
formed of four sensors (Fig. 4.24, page 116) allows the misalignment error to be
reduced but not completely eliminated.
As discussed in section 4.7, the separation of sensors within the gradiometer, s,
should be chosen so that erroneous signals not associated with the defect are effec-
tively suppressed while not diminishing the defect signal amplitude. To illustrate
this, Fig. 5.6 plots the predicted gradiometer output for different sensor separa-
tion distances at 25 mm standoff with a 1.5 mm deep 3T diameter defect centred
at z = 0.87 m and θ = 270°. These figures were obtained by post-processing the
single-sensor scan with equation 4.1 (page 117).
Without simulating a gradiometer, the defect signal amplitude is similar to the
unwanted scan features that do not originate from the defect. The gradiometer
effectively suppresses these features, which increases the contrast between the defect
signal and the background. At ∆ = 25 mm, the sensor separation s was chosen to
be 30 mm to maximise the defect signal amplitude while achieving good suppression
of extraneous features. For the scans at ∆ = 50 mm, s was chosen to be 50 mm.
The plots in Fig. 5.6 show the effect of using different sensor separations. If s is too
small, the defect signal will also be suppressed, and if it is too large, the background
suppression is less effective, and the defect signal becomes disconnected.
The data in Fig. 5.6 assumed constant alignment and standoff throughout the
scan, which would likely not be achievable in practice. To account for potential
instability during a scan, a random orientation of up to 2° in each of the three degrees
of freedom of potential gradiometer rotation, shown by α, β and γ in Fig. 5.7a 1,
was assigned to every location in the scan. The assumption is therefore that there
is a random re-orientation of the gradiometer of up to a few degrees between each
1The definition assigned in the nomenclature for β does not apply here.
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Figure 5.6: Predicted gradiometer output applied to a scan of a defect-free pipe with
perturbation from a 1.5 mm deep 3T diameter defect added. The data obtained using
different sensor separations is compared to a single-sensor scan. The colour scale shown
is used for all gradiometer scans. No general roughness or gradiometer misalignment was
considered here.
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position on the scan. This assumption could be refined following a test under realistic
operating conditions.
The gradiometer will only be effective if the sensitivity of each constituent sensor
is matched. Thermal gradients, nonlinearity, sensor ageing etc. can cause the abso-
lute sensitivity to vary between sensors, which will cause a variation in the measured
gradient. It is usually possible to match the absolute sensitivities of the same sensor
type to within 1%, so a random sensitivity variation of 0 % to 1 % was assigned to
each sensor forming the gradiometer. The noise in the gradiometer output due to the
misalignment and the sensitivity differential was then calculated for every location
on the scan for the given inspection parameters (standoff, sensor separation etc.).
This generated a Gaussian noise profile that could be combined with the measured
scan of the undamaged structure to account for the fact that a practical scan, unlike
the scan completed in the laboratory, would have significant noise due to misalign-
ment. Figure 5.7b shows the predicted noise due to misalignment and sensitivity
mismatch of a gradiometer. Only the gradient for the radially oriented sensors is
shown for brevity, but the same approach was used for other sensor orientations. It
should be noted that it is unlikely that the noise profile due to misalignment of a real
scanning system would be Gaussian; however, this serves as an example that could
be improved upon when more information is known about the particular scanning
system.
The standoff of the centre of rotation of the gradiometer was constant throughout
the scan, whereas practically, a variation may occur from the sensor passing over
bumps in the insulation/coating etc. At a mean standoff greater than 25° on a 6”
pipe, this variation is not likely to cause more than a few nT of noise in the signal
measurement so it was not considered in this preliminary study. This effect would
become more important when the amplitude of the signals change more rapidly with
standoff e.g. pipes with thin coatings or small diameters.
5.2.5 Data Fusion
Figure 5.8 visually illustrates the process of combining the different data sets to
form the the synthetic scan. The predicted defect signal from FE, b, described in
sections 3.2.1 and 5.2.3, is down-sampled to the same spatial sampling frequency as
the measurement of the undamaged structure, a, from section 5.2.1, and the two are
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Figure 5.7: (a) The effective field from the misaligned gradiometer is calculated for a
random misalignment at every point on the scan for the selected input parameters. (b)
Example output of the misalignment model which can then be incorporated to the synthetic
scan. Here, s = 50 mm, α = β = γ = 2°, ∆ = 25 mm, δS = 1 %.
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combined by superposition. The assumption that the defect signal is independent
from the baseline is valid based on the results of previous measurements (Fig. 3.18,
page 76). The additional contribution to the signal from general roughness, c,
(section 5.2.2) is also added to the scan. The result, shown in d, is a synthetic scan
of a pipe with a defect completed by a single sensor with no misalignment errors.
Gradiometric sensing, which would be essential in a practical scan, is then sim-
ulated. The sensor separation is chosen as described in section 5.2.4. The noise due
to gradiometer misalignment and sensitivity mismatch is calculated as outlined in
section 5.2.4. These steps are shown in e and f.
After summing each component of the synthetic scan, the final result, g, is ob-
tained that represents the signal that would be measured from scanning a defective
structure under “realistic” test conditions. Decoupling each contribution to the sig-
nal in this way allows simulation of the wide variation of scanning conditions that
are required to determine ROC for the technique. The ROC are calculated for a par-
ticular set of scanning parameters. For example, different ROC would be obtained
for different defects, gradiometer, standoff etc.
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5.3 Defect Detection Methodology
A detection algorithm was chosen that exploits the fact that the defect profiles are
always multipolar, with the local minima and maxima occurring near the defect
edges. Firstly, the median of the scan is subtracted so that adjacent peaks have
opposite polarity. Where a peak exceeds a threshold level, the location of the peak
is recorded as well as the area that exceed the threshold; the peaks that have an area
less than A are discarded. The optimal value of A will increase with the standoff
as the defect signals diffuse. The distances between the remaining peaks and their
closest neighbours of opposite polarity are then found, and if this distance is greater
than κ, no detection is recorded. κ should be set depending on the standoff and
the largest defect signal of interest, where the peaks will be separated by the largest
amount. The circumferential continuity of the scan was accounted for when applying
this detection algorithm in the cases where the defect signal spanned both the top
and bottom of the scan due to the choice of datum in the azimuthal axis. Figure
5.9 shows a decision tree for the detection algorithm.
It is important to note that any arbitrary damage detection methodology could
equally be investigated in the presented MAPOD framework and the one outlined
here serves purely as an illustration. The algorithm could be improved to further
distinguish true and false positives via additional filters. Machine vision or machine
learning algorithms have proved very effective in automatically recognising defects
in NDT scans (Khodayari-Rostamabad et al. 2009; Mao et al. 2014; Sadr et al. 2016;
Slessarev et al. 2006) and could well serve this application, although the optimisation
of such solutions is out of the scope of the current study.
The outputs of the detection algorithm are the number of true and false posi-
tives and false negatives (i.e. defects missed) at the selected threshold level. The
framework allows a practical scan of any defect geometry, under any set of operating
conditions to be produced. In this way, a Monte Carlo simulation can be performed
to give the POD and PFA required to calculate the ROC.
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5.4 Receiver Operating Characteristics for a Longi-
tudinally Seam-Welded Pipe
Figure 5.10 shows the ROC curves generated by the framework for increasing depth
3T × 3T × d bowl defects on the outer surface of a 150 mm nominal bore (6”)
schedule-40 carbon steel pipe at two standoffs. The ROC curve allows the relative
performance of different test conditions to be compared. Perfect detection with no
false calls occurs when the Area Under the Curve (AUC) is unity, implying POD
unity even at zero PFA. As the performance degrades, the ROC can approach the
POD = PFA line that corresponds to a random guess (Georgiou 2006); in this case,
AUC = 0.5. For the geometry modelled, AUC = 1 for the d = 1 mm defect (14% of
the 7.1 mm wall thickness) at ∆ = 25 mm. For shallower defects, the AUC falls as
the defect amplitude becomes less distinguishable from the background signal. With
∆ = 50 mm, the corresponding curves on the ROC plot drop away from the ideal and
the AUC decreases, indicating poorer detection performance as the defect signals
become broader and reduce in amplitude. It is clear that the shallower defects are
approaching AUC=0.5, so they could not reliably be detected in practice. The ROC
curve for each defect depth is calculated from the mean of a distribution of 1000
synthetic scans with different defect locations and values of all random calculated
parameters at each threshold level. The dashed lines below the solid ROC curves
show the 95% confidence limits. On this curve we are 95% confident that the ROC
curve in a given test will be above this level (Georgiou 2006).
The ROC presented in Fig. 5.10 consider a gradiometer formed of sensors whose
sensitivity is perfectly matched, and that maintains perfect alignment throughout
the scan. Figure 5.11 shows the equivalent of Fig. 5.10a, but now considers a sen-
sitivity variation of up to 1% between the sensors forming the gradiometer, and
misalignment in each degree of freedom shown in Fig. 5.7a of up to 2° throughout
the scan. The detection performance for equivalent depth defects is reduced by con-
sideration of the misalignment. For example, the ROC curve for the d = 0.7 mm
(10% of T ) defect in Fig. 5.10a is similar to that of the d = 0.9 mm (13% of T )
defect in Fig. 5.11. The AUC for each scenario are summarised in Table 5.1.
Figure 5.12 shows the ROC curves for the detection of flat-bottomed slots at
∆ = 25 mm when using a second-order gradiometer formed of sensors measuring the
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Table 5.1: AUC for 3T×3T×d bowl defects. In only the column marked †, a misalignment
of up to 2° throughout the scan and a mismatch of the sensitivity between the sensors
comprising the gradiometer of 1% were considered.
d Area Under ROC Curve (AUC)
(mm) ∆ = 25 mm ∆ = 25 mm† ∆ = 50 mm
0.5 0.65 - 0.50
0.6 0.80 0.55 0.56
0.7 0.92 0.68 0.71
0.8 0.99 0.84 0.82
0.9 1.00 0.93 0.90
1 1.00 0.98 0.93
1.5 1.00 1.00 0.94
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Figure 5.10: ROC prediction for 3T × 3T × d defects in a seamed carbon steel pipe with
2 A, 5 Hz current and at (a) ∆ = 25 mm and (b) ∆ = 50 mm. Sensor alignment constant
throughout scan. Dashed lines show 95% confidence bounds.
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Figure 5.11: Equivalent to Fig. 5.10a but considering misalignment of up to 2° throughout
the scan, and a mismatch of the sensitivity between the sensors comprising the gradiometer
of 1%.
radial and axial components of B. The gradiometer maintains constant alignment
throughout the scan. The detection performance decreases with the slot depth, and
measurement of the gradient of Br results in better performance than using Bz,
likely due to the fact that the magnetic signal from current deflection is of a higher
amplitude in Br than Bz.
5.5 Conclusions
This chapter has presented a framework for rapid and efficient ROC prediction for
magnetic NDE techniques achieved by the combination of numerical modelling and
experimental data. The framework has been applied to the analysis of the low-
frequency current deflection technique that has shown promise for the in-situ detec-
tion of corrosion-like defects on insulated and coated pipes with remotely injected
current.
The methodology allowed each contribution to the signal and noise to be analysed
in isolation. This revealed that misalignment of the second-order gradiometer in
combination with variations in the sensitivities of its constituent sensors are the
limiting factor on the sensitivity of the technique. This is due to the difficulty
in detecting small perturbations of the field in the presence of a large azimuthal
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Figure 5.12: ROC for circumferential slots of constant depth d with 1 mm opening, 30°
circumferential extent (44 mm absolute length). 2 A, 5 Hz current in 6” pipe using gra-
diometer measuring (a) Br and (b) Bz at ∆ = 25 mm, no misalignment error considered.
field. The experimental measurements were completed using a scanning frame that
ensured constant alignment throughout the scan, and with a return current path via
a rod that suppressed the large Bθ. This enabled varying degrees of misalignment to
be simulated by adding back Bθ and post processing the scan data. Performing the
experiments in a controlled environment like this demonstrates how the modular
nature of the framework is powerful, as it allows each contribution to the final
signal to be analysed separately, and it supports simple implementation of updates
and improvements to the noise model. This method assumed the contributions to
the signal were independent and could be combined with superposition. This has
been shown to be true for the defect and clean structure signals (section 3.3.4),
although future work should verify this assumption for the other contributions to
the composite scan.
Other contributions to the noise were identified by measuring the field surround-
ing an undamaged pipe. Slowly varying background signals due to slight wall thick-
ness variations and magnetic property variations (e.g. in the pipe weld) were ef-
fectively suppressed by using the second-order gradiometer. For the most accurate
performance evaluation, the undamaged structure should have similar surface char-
acteristics to the structure to be tested. The undamaged pipes scanned in this study
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were procured new, so it was demonstrated that a validated FE model could be used
to identify the contribution to the scan from the perturbation of current in a gener-
ally corroded conductor. At higher standoff, the signal due to roughness diffuses and
significantly reduces in amplitude suggesting that the sensitivity is most affected by
very rough surfaces when measuring close to the pipe.
Receiver operating characteristics were generated under various scenarios using
corrosion and slot-like defects. Without consideration of misalignment and sensor
variation, an area under ROC curve (AUC) above 0.91 was predicted for 3T ×
3T × d bowl defects with d greater than 12% of the wall thickness at a standoff of
25 mm, implying that at 92% POD and 95% confidence, the PFA is 0.5%. When
considering a misalignment of up to 2° in each degree of freedom of the gradiometer,
the AUC was reduced by 15%. In this case, a PFA of <1% at >99% POD and 95%
confidence was predicted for corrosion defects deeper than 20% of the wall thickness,
T . The sensitivity reduced when the standoff was doubled to 50 mm, with the AUC
decreasing by 17% on average. These results suggest that the technique is practical
for scanning outside of pipe insulation.
Valuable future work to develop the magnetic field measurement technique would
be to measure the uncertainty on readings of in-service pipe using a hardware gra-
diometer in order to characterise the repeatability achievable in practice when scan-
ning.
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6.1 Introduction
The previous chapters have explored the possibility of defect detection by scanning
the induced magnetic field surrounding current carrying pipes and measuring pertur-
bations due to the deflection of the current around defects. It was shown in chapter 4
that perturbations in the field can originate not only from defects, but also from
material property changes within the pipe (e.g. seamless pipe noise), wall thickness
variations within the manufacturing tolerances, sensor instability, or nearby ferro-
magnetic objects such as pipes. For each of these effects, the signal intensity has a
complex spatial dependence which complicates defect detection by scanning. If the
sensors are permanently fixed in position, however, spatial variations in the signal
would not interfere with the measurement provided they are temporally stable.
The maintenance of critical structures is possible using Structural Health Moni-
toring (SHM), which describes the permanent installation of sensors to a component
and the monitoring of the sensor data over time. The availability of the time-history
of the sensor data allows data processing methods not available using scanning meth-
ods, such as baseline subtraction or more complex statistical methods (C. Liu et al.
2017), which permit increased defect sensitivity and earlier defect detection (Mitra
et al. 2016). SHM can also monitor the growth of sub-critical defects whose prema-
ture replacement would incur a significant cost (Z. Liu 2012). As the sensors are
installed permanently, the ability to retrieve data without requiring personnel to
work under dangerous conditions is also advantageous.
The Anisotropic Magnetoresistive (AMR) sensors selected for experimentation
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offer excellent sensitivity to low-amplitude (nanotesla) fields with phase-sensitive
detection (Cheng 2012; Díaz-Michelena et al. 2015; Jarvis et al. 2016), and are
inexpensive; therefore, there is interest in developing the current deflection NDE
method for monitoring of corrosion under insulation using an array of permanently
installed sensors. Thermal drifts can affect their sensitivity by ∼0.25 % ◦C−1 to
0.27 % ◦C−1 due to the variation of resistivity and the magnetoresistive effect with
temperature, in addition to a temperature dependent bridge offset (Díaz-Michelena
et al. 2015). In previous chapters, these effects were negligible due to the short
test time, but they become far more important with the much longer time scales
associated with SHM.
To further develop the technique into a deployable SHM solution requires an
understanding of the limitations of the sensitivity in practical SHM. Conventionally,
this is achieved with many controlled tests of structures containing defects that are
physically grown, but this can be time consuming and expensive. Furthermore, the
tests should be completed over the range of “Environmental Operating Conditions”
(EOC) that may occur in the field in order not to overestimate the sensitivity. The
rapid advance in computational efficiency has recently permitted the development
of three-dimensional numerical models that can accurately predict the signals that
would result from realistic defect scenarios (COMSOL 2017; Jarvis et al. 2016); how-
ever, such models often fail to effectively account for the variations in the signal that
occur due to the changing EOC, as the interdependence of the effects is frequently
complex (Sohn 2007).
The framework first introduced in chapter 5 circumvents this problem by com-
bining the accurate prediction of defect signals from validated FE models with mea-
surements of a real structure over a range of EOC that would be expected to affect
the sensitivity of a practical measurement (C. Liu et al. 2017). In doing this, re-
alistic limits of the performance of a technique under realistic operating conditions
can be established. The performance of SHM can be illustrated using “Receiver Op-
erating Characteristics” (ROC) - curves that show the probability of detection and
expected false-call rate for target defects. ROC were first introduced in chapter 5.1,
and in this chapter, a similar framework is used to evaluate the performance of the
current deflection technique as an SHM solution applied to pipes in order to screen
for corrosion defects present under the insulation or cladding.
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An example of a difficult-to-inspect pipe is the riser that connects the petrochem-
ical reservoir wellhead to the drilling platform. 92% of pipe failures by corrosion in
the Gulf of Mexico have occurred in the risers (Santos et al. 2013). In-Line In-
spection (ILI) is possible on a number of risers; however, the large wall thickness
can reduce the effectiveness of such devices. The flow means that the pig speed is
also difficult to control, and obstructions can cause it to become stuck (Agthoven
et al. 2007). Tethered ILI devices with ultrasonic sensors can also be used for riser
inspection, although the requirement for access to the inside of the pipe necessitates
complete shut down and decompression of the pipe (Agthoven et al. 2007). Further-
more, the presence of the splash zone (the area surrounding the mean water level on
an offshore drilling platform) makes manual inspection dangerous. This area is of
particular concern as the water level continuously rises and falls with the tide and
with waves, and exposure of metal to salty water and oxygen will lead to corrosion,
often at rates as fast as ∼1 mm per year (Santos et al. 2013). In order to prevent
corrosion, cathodic protection is routinely used, however it is a challenge to provide
complete protection for the splash zone due to the changing water level. The area is
usually insulated with rubber-like materials that possess high electrical, water and
impact resistance to prevent corrosion or impact damage, therefore their removal
is undesirable. PEC can be applied without removing the coating; however, scans
must be completed which warrant either high-risk manual operation of the sensor,
or deployment of complex and expensive robotic crawlers. Although the framework
described in this chapter is general, it is applied to SHM of CUI on a riser pipe as
an example.
The chapter consists of two studies. In the first, the ROC curves for the technique
are calculated by performing measurements on a real pipe over multiple temperature
cycles and simulating defect growth via a 3D FE model. Possible array configura-
tions for the detection of different sizes of defect are then investigated. The effect
of defect size, sensor standoff and sensor orientation on the array configurations are
explored. In the second study, current deflection SHM is demonstrated experimen-
tally by electrochemically growing a defect on a steel plate. The experiment also
serves to validate the FE model used. The key conclusions are presented in the
final section of the chapter. This chapter comprises work that has been accepted for
publication in Structural Health Monitoring (Jarvis et al. 2017b).
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6.2 Performance Evaluation of Current Deflection
SHM
For most SHM techniques, the growth of a defect is inferred from the change in signal
from a baseline; therefore, any variation in the baseline signal over time, and over
the varying EOC that will occur in the testing environment, should be minimised
and quantified, as it is this variation that will limit the sensitivity to defect growth.
The signal recorded by the magnetic sensors over time is a function of the defect
signal, the electronics noise, and the signal variations from changing EOC. Since the
sensitivity of AMR sensors is temperature dependent, it is essential that the contri-
bution to the signal from the time-dependent environmental temperature variation
is suppressed so that any change in the baseline signal over time can be attributed
only to the contribution from current deflection due to defect growth.
6.2.1 Measurements on Pipe without Defect Growth
The total noise was quantified by simulating an SHM test over multiple temperature
cycles for a structure on which no defect growth was expected. A schematic diagram
of the experiment is shown in Fig. 6.1a, and a photo in Fig. 6.1b. Three identical
magnetic sensor arrays were produced, each with three AFF755B AMR sensors
(Sensitec MagnetoResistive Sensors 2011) oriented in the radial, axial and azimuthal
directions. The arrays were mounted to 3D-printed holders and were permanently
fixed to the outside of a section of ex-service riser pipe provided by (Oceaneering
International 2017) who reported the pipe as defect-free. Before each measurement,
a pulse was applied to an internal “flip-coil” within the AMR sensors to re-magnetise
their ferromagnetic core in order to ensure optimal sensitivity (Fúra et al. 2016).
The pipe inner diameter was 147 mm and the wall thickness was 11 mm (6” schedule
80), and the polyethylene coating was 15 mm thick. The pipe was cut to 1.2 m in
length to fit in a floorstanding temperature and climatic test chamber (Temperature
& Climatic Test Chambers - Weiss Technik UK 2017) and a 2 A, 2 Hz current was
injected into the pipe via aluminium end-caps connected to the pipe with springs
every 20° around the circumference (in a way similar to that described in section
3.3.2, page 66) to minimise the distance from pipe end required for the current to
spread out uniformly over the pipe cross-section. Note that the rod at the central
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Environmental chamber
AMR arrays with 
thermocouple mounted
outside pipe
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Figure 6.1: (a) Schematic of experiment to determine stability of magnetic measurement
of current deflection in a coated riser pipe at varying temperatures. (b) Photograph of
sensor boards outside the pipe coating (neither optimised for size nor environmentally
protected in this lab based experiment).
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axis of the pipe in previous experiments was not used in this study.
The chamber was used to vary the temperature between 0 ◦C to 40 ◦C sinusoidally
with a one-day period, representing the daily temperature variation one might expect
under unfavourable field conditions. A lock-in amplifier was used to provide the
reference 2 Hz signal for the current and to read the sensor output at the same
frequency which effectively suppressed the geomagnetic field and the temperature
dependent offset of the AMR sensor. The measurement bandwidth can be varied
in order to improve suppression of spurious signals close to the reference frequency
by changing the time-constant of the lock-in amplifier and/or modifying the low-
pass filter slope. In this test, a bandwidth of 0.16 Hz and an averaging time of 22 s
were used. Each sensor was interrogated at five minute intervals and the total test
time was over 1000 hours. Temperature compensation was achieved using either
thermocouples placed on each sensor board or an integrated coil within the sensor
chip. With a constant current of 100 mA passed through this coil, a strong biasing
field was created which could provide a reference that allowed the temperature
coefficient of sensitivity to be determined for each sensor.
6.2.2 Results
Figure 6.2 shows the magnetic field for the azimuthal and axial sensors before and
after compensation using the integrated coil. Due to thermal effects, Bθ varies
by 400 nT between the maximum and minimum temperature before compensation,
while Bz varies by 50 nT over the same period. The break in periodicity at ∼550
hours was due to a temporary fault in the environmental chamber. Bθ has a much
higher average value than Bz due to the current density in the pipe having purely
an axial component. The variation in Br, which also exhibited the same compensa-
table temperature effects that affected the other sensors, has not been plotted for
brevity. As the real pipe was provided in a defect-free state, no current deflection
was expected and Bz and Br would have zero average and would therefore be largely
unaffected by temperature variations if the sensor were perfectly aligned with the
pipe axis. The non-zero Bz average illustrates the difficulty in aligning the sensors
with their intended orientation.
A moving average filter was applied to the temperature compensated data to
simulate a longer averaging time of 3.5 minutes. More than 95% suppression of
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Figure 6.2: Bθ variation measured over 750 hours in environmental chamber before (a)
and after (b) temperature compensation and 10 point moving average giving an effective
3.5 min integration time. Bz before (c) and after (d) compensation and averaging, plotted
on a different vertical scale for clarity.
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temperature effects was possible by using the reference field produced by activating
the coil within the sensor. The standard deviation in Bθ and Bz was 2.5 nT and
0.6 nT after compensation. There were no drifts or systematic errors affecting the
measurements in the laboratory environment; however, it is imperative that this test
be repeated under industrial conditions to determine whether this holds true in the
field over much longer time periods. The thermocouples positioned on each sensor
board enabled an alternative means of temperature compensation, although the use
of the integrated calibration coil is preferable as it requires no additional hardware
so only the results using the coil are shown for brevity.
The positions of the sensors and pipe were fixed, and the pipe condition remained
constant throughout the test, so the baseline variation of 0.5 nT to 3 nT represents
the limit of resolution of the magnetic field that could be attributed to defect growth
following baseline suppression. Contextually, this is approximately equivalent to the
peak defect signal from a 3T × 3T × T
10
semi-ellipsoidal defect in a pipe carrying 2 A
current, at 50 mm standoff (table 3.1, page 58 and (Jarvis et al. 2016)).
6.2.3 Receiver Operating Characteristics
The clean structure measurements revealed the expected variation in the baseline
signal and, in each sensor orientation, this noise was normally distributed (verified
with linearity of quartile-quartile plot, and analysis of kurtosis and skewness). The
defect signal distribution was then obtained by offsetting the baseline distribution
by some magnetic field ∆Bβ (where β = z, r or θ) equivalent to the change in signal
expected for a target defect, as shown in Fig. 6.3a. It is assumed that the stan-
dard deviation of the baseline and defect signals are identical as the measurement
variation is caused by the changing EOC and electronics noise etc., which should
equally affect measurements of a clean or a defective structure. The distributions
are obtained by randomly selecting 100 samples from the complete data set, which
corresponds to a total measurement time of approximately 6 h.
The Probability of Detection (POD) and Probability of False Alarm (PFA) are
determined by moving a detection threshold (dashed line in Fig. 6.3a) across the
probability distributions and applying the relationships (Fücsök et al. 2005)
POD =
TP
TP + FN
(6.1)
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PFA =
FP
TN + FP
(6.2)
where TP (True Positive) and FP (False Positive) are the respective signal and
noise above threshold level, and TN (True Negative) and FN (False Negative) are
the signal and noise below the threshold level. In this preliminary study, the sim-
plest possible methodology for change detection was used whereby a reading that
exceeded the threshold was considered a detection, i.e. a step change in the mean of
the distribution is detected. There are many effective methods for detecting changes
in normally distributed random variables which, when applied to condition moni-
toring applications, can significantly improve performance (Basseville et al. 1993;
Galvagni et al. 2014; C. Liu et al. 2017). The availability of frequent readings from
permanently installed sensors could allow the growth rate of the defect to be moni-
tored, which would improve the sensitivity (C. Liu et al. 2017). These more complex
methodologies are out of the scope of this preliminary study.
Figure 6.3b and 6.3c show the ROC for the detection of various defect signal
amplitudes with axially and azimuthally oriented sensors. The dotted line labelled
“random guess” illustrates an equal probability of correctly or incorrectly calling a
defect. Improved detection performance with a low rate of false calls is observed for
higher amplitude signals, where the curves are close to the top-left corner in ROC
space. When the sensor is oriented in the axial direction, the detection performance
is better than when in the azimuthal direction due to the much lower amplitude
baseline signal that varied less with temperature (Fig. 6.2) and is therefore less likely
to swamp the defect signal. For example, using the axial sensor, a 2 nT perturbation
can be measured with 90 % POD and 3 % PFA, whereas for the same perturbation
in the azimuthal case, 70 % POD and 35 % PFA is predicted.
The mean curve (solid line) suggests axially oriented sensors can measure a 2.5 nT
perturbation with 90 % POD at 0.4 % PFA, and using the lower 95 % confidence
bound of the mean (dashed line), 90 % POD at 1 % PFA. The ROC curves for the
radially oriented sensors were similar to those for the axially oriented sensors so have
not been plotted as the main purpose of the ROCs is to illustrate the framework.
For the azimuthal sensors, 90 % POD at 0.2 % PFA is achieved for defects producing
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a change in magnetic flux density of 9 nT whereas the lower 95 % confidence gives
90 % POD at 0.8 % PFA. The absolute magnitude of the changes in signal due to
defect growth are of a similar magnitude in each orientation of B, suggesting sensors
oriented in the radial and axial orientations will be most effective when forming an
array (Jarvis et al. 2016).
6.2.4 Predicted Array Configurations for SHM
With knowledge of the expected detection performance of the magnetic sensors, an
FE model could be used to determine how many sensors would be required for the
detection of target defects, chosen to be semi-ellipsoidal in shape with dimensions of
3T × 3T × T
3
, and 3T × 3T × T
10
as a stretch case. The distribution of the magnetic
perturbations resulting from current deflection around defects can be analysed using
FE which can determine the range of positions in which sensors could be located
to detect these defects. The model, shown schematically in Fig. 6.4, contains a
current carrying pipe of the same dimensions as in Fig. 6.1a. This model has been
previously validated with experimental scans of the magnetic field perturbation due
to the target defect geometry (Jarvis et al. 2017a).
The solution to the magnetostatic form of Ampère’s law was found for each finite
element using the inbuilt stationary solver in COMSOL. On the external boundaries,
a “magnetic insulation” boundary condition was imposed that sets the normal com-
ponent of B to zero (COMSOL 2017). The magnetic field in the radial, axial and
azimuthal directions was then found at a standoff distance ∆. On this surface, a
regular grid of AMR sensors is defined with a pitch, pα,β, where α is the axial (z),
or azimuthal (θ) direction of the pitch and β is the sensor orientation which could
be z, r or θ, or a combination of all three (analogous to a tri-axial sensor). The
model geometry and the perturbation in Bz due to a defect on the top of the pipe
is shown in Fig. 6.4. The model parameters are summarised in Table 6.1.
From the mean ROC curves, the required threshold for 90 % POD at 0.1 %
PFA was found to be 2.8 nT using the radial or axial sensors, and 10.0 nT for the
azimuthal sensors. These detection thresholds were then applied to the distributions
of the magnetic flux density on the surface at standoff ∆ calculated using the FE
model, to find the areas in which the amplitude of the perturbation exceeded these
levels. These areas, labelled As and with units of m2, are plotted for different sensor
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Figure 6.3: (a) Methodology for calculating ROC, and generated curves for (b) axially
and (c) azimuthally oriented sensors. Dashed lines show lower 95 % confidence interval
of mean and dotted line represents performance for a random guess. The different field
amplitudes in (b) and (c) represent the perturbations caused by current deflection around
defects.
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Figure 6.4: Schematic of FE model showing the array of permanently installed sensors
(solid circles) surrounding a pipe with coating thickness ∆. The defect shown at the top
of the pipe could occur anywhere underneath the array. The predicted perturbation in Bz
at the array surface has been shown to help the reader in visualising the physics.
Table 6.1: SHM test parameters used in FE model to determine sensor configuration.
Parameter Value Unit
Pipe diameter 147 mm
Wall thickness (T ) 11 mm
Quasi-DC current 4 A
Equivalent current density 737 A/m2
Standoff 10, 25, 50 mm
Defect diameter 25 mm
Target defect depth 10 % of T
Critical defect depth 30 % of T
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orientations in Fig. 6.5 and represent the region over which a sensor is able to detect
defect growth, or the “zone of sensitivity”.
Determination of the optimal sensor layout is somewhat complicated by the fact
that As is not rectangular in θ−z space, so the number of sensors required per meter
of pipe cannot be found by simply taking the reciprocal of the area of As. Instead,
Fig. 6.5 shows the maximum distance that sensors in an array should be spaced to
maintain full coverage. The pitch is determined as the maximum distance between
adjacent sensors (red dots) in the z direction (pz,β) or the θ direction (pθ,β) in order
for the entire surface to be covered by the zone of sensitivity of at least one sensor.
The outline of As for an adjacent sensor in the array is shown with a dashed
line to visualise the overlap of the zones of sensitivity that is required to maintain
full coverage. This may have practical advantages as the amplitude of the defect
signal, and therefore also the signal-to-noise ratio (SNR), decrease as the defect
is positioned closer to the boundary of As, and it is these lower SNR regions that
generally overlap. It may therefore be possible to corroborate the detection of defects
in low-SNR regions using adjacent sensors. Figure 6.5d demonstrates that a tri-axial
sensor with equal sensitivity to three single-axis sensors may provide greater area
coverage, and therefore permit an increased pitch.
Figure 6.6 plots the sensor pitch required for 90 % POD at 0.1 % PFA for various
defect sizes, sensor orientations and standoff distances. Values close to the top-right
of the figure represent a more sparsely populated array, and those to the bottom left
represent a denser array. The grey dashed lines are to aid interpretation, e.g. the
open red star positioned at 180° and 310 mm implies that triaxial sensors at 25 mm
standoff would detect the growth of a 3T × 3T × T
3
defect occurring anywhere on
the pipe when 2 sensors are installed around the circumference every 310 mm.
It is immediately apparent that by using tri-axial sensors, it would be possible
to have a much more sparsely populated array to achieve the same sensitivity as
one containing single-axis sensors. Due to the morphology of the radial defect signal
(Fig. 6.5b), a smaller pitch is required along the pipe axis than the around its
circumference, and vice versa for the azimuthal signal (Fig. 6.5c). The required pitch
decreases with increasing standoff, ∆, as the defect signal reduces in amplitude and
becomes more diffuse. The difference in the required pitch for arrays at standoff
distances of 10 mm to 50 mm is small because the amplitude and extent of the
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Figure 6.5: Schematic of zone of sensitivity to defects for a (a) axially (z), (b) radially
(r), (c) azimuthally (θ) oriented sensor positioned at the red dot. (d) shows coverage
for a tri-axial sensor (all). p is the minimum array pitch required for full coverage. The
co-ordinates r, z, and θ are defined in Fig. 6.4. Dotted curves show the boundary of the
zone of sensitivity for adjacent sensors in the array.
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Figure 6.6: Variation in pitch for 2 A quasi-DC current-deflection SHM of a 3T × 3T
concave defect of different depth, d, for different values of standoff, ∆ and sensor orienta-
tion. Markers are distinguished by shapes for sensor orientation, colours for standoff and
solid/outline for defect depth.
signal changes much more rapidly at low (e.g. <10 mm) standoff than when already
far from the pipe, implying that SHM will only become marginally more difficult
for thick than thin insulation/coating. To compensate for the reduction in signal
amplitude at large standoff, it may be possible to increase the current amplitude to
improve the SNR.
The results suggest tri-axial sensors with two to three sensors positioned around
the circumference of the pipe and with an axial pitch of 100 mm to 300 mm, or ap-
proximately 10 to 50 sensors per meter of pipe, would be sufficient for the detection
of the growth of a 3T × 3T × T
3
from an initial defect-free state. For the detection
of a T
10
detect from an initially defect-free state using the same current amplitude, a
denser array would be required, as indicated by the solid markers in the bottom-left
of Fig. 6.6. It should be emphasised that these results used the simplest possible
detection methodology based on a step change in readings. Future development of
the current deflection technique would benefit from investigating how the required
number of sensors would change when using more complex change detection method-
ologies such as the statistical methods presented in (Basseville et al. 1993; Galvagni
et al. 2014; C. Liu et al. 2017) which exploit the availability of the time-history of
the defect response in order to greatly improve detection performance.
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6.3 Experimental Demonstration and FE Validation
To demonstrate the SHM technique, AMR sensors were used to measure the current
deflection signal from an electrochemically grown corrosion defect. Although the
technique is being investigated for SHM of pipes, it is a challenge to create a corrosion
cell on the curved surface of a pipe with the ultrasonic transducer required for
tracking wall loss mounted on the opposing wall. The current injection end caps
enclosing the pipe would also cause access issues. For this reason, a plate was
used in place of a pipe which also gave the advantage of facilitating the placing of
sensor arrays on the near and far side of the defect and allowed a simpler method
of current injection. The current deflection principle is the same for both plate and
pipe geometries, so the experiment could also be used to validate a flexible FE model
which could simulate the signal from any conductor and defect geometry, such as
that in Fig. 6.4.
6.3.1 Methodology
Figure 6.7 schematically shows the experiment and an equivalent photo is presented
in Fig. 6.8a. The plate used was 78 mm wide, 15 mm thick and 847 mm long, and
carried a 3 A current at 1 Hz injected by wires clipped to the ends of the plate. Due
to the smaller cross-sectional area of the plate, the current density was 2 to 3 times
higher than in the pipe used previously.
Sensors 1 to 4 and 9 to 12 were oriented in the axial direction, z. Along the
central axis of the plate, sensors 5 to 8 and 13 to 16 were oriented in the x direction,
analogous to the azimuthal direction used for the pipe geometry so in the following
discussion, “azimuthal” refers to the x direction. The sensors were positioned in
different locations relative to the semi-ellipsoidal defect shown underneath sensor 7
in Fig. 6.8b. Sensors 2 and 3 on the top array and 10 and 11 on the bottom array
were positioned near where the greatest perturbation in Bz was expected, similar
to position 1 in Fig. 6.9b. Sensors 1 and 4 (top) and 9 and 12 (bottom) were each
25 mm further from the defect where a smaller perturbation in Bz was expected (c.f.
location 2 in Fig. 6.9b). Sensors 7 (top) and 15 (bottom) were positioned over the
greatest change expected in Bx (c.f. location 1 in Fig. 6.9a), followed by sensors
6 and 8 (top) and 14 and 16 (bottom) each positioned 25 mm from the defect (c.f.
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Figure 6.8: Photos of corrosion SHM experiment. (a) Side and (b) top profiles. Defect
location below sensor 7 marked with dotted line.
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Figure 6.9: Schematic diagram showing sensor positioning relative to expected pertur-
bation in (a) Bθ and (b) Bz due to defect. The numbers 1-3 are referred to in the text.
Vertical lines to aid visualisation.
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location 2 in Fig. 6.9a). Finally, sensors 5 (top) and 13 (bottom) positioned 50 mm
from the defect were expected to measure the smallest change in Bx (c.f. location 3
in Fig. 6.9a).
A corrosion cell was created on the plate by 3D printing a plastic chamber and
inserting a copper disk for the cathode. The corrosion cell was attached to the plate
using epoxy, and a 20 % solution of NaCl electrolyte was pumped from a reservoir
to prevent build-up of corrosion product. A current of 500 mA was impressed be-
tween the copper and the steel plate, which allowed removal of 500µm of steel in
approximately 5.5 h. The wall thickness was monitored by a 2.25 MHz longitudinal
wave piezoelectric transducer permanently mounted underneath the corrosion cell.
The experiment was carried out in 24 h segments as shown in Fig. 6.10. Firstly, the
accelerated corrosion cell was activated until the maximum defect depth increased
by 500µm and then the magnetic field was then monitored for the remaining time,
with each AMR sensor being interrogated once every 18 min with 25 s averaging
time. The wall thickness and temperature corrected magnetic field were then av-
eraged over the duration of the period in which the corrosion cell was deactivated,
represented by the shaded segments in Fig. 6.10. The assumption that the wall
thickness is unchanged over this averaging time is justified as corrosion growth is
much slower in the field (severe rates rarely exceed 1 mm/yr (Santos et al. 2013) and
most corrosion grows much slower than this (Caleyo et al. 2009)).
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Figure 6.10: Methodology for SHM demonstration experiment. The thickness, T, and
magnetic flux density are averaged over the shaded time segments.
In this experiment, step changes in the defect growth are measured over a lim-
ited time period which restricted the measurement time to a single day between
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significant depth changes. Using wireless communications on permanently installed
arrays in an industrial environment, it would be possible to take frequent readings
which would enable more complex statistical detection methodologies. There would
likely be sufficient data to monitor the rate of change of defect growth which would
greatly enhance the sensitivity.
Potential interference due to movement of the current injection wires was reduced
by fixing their position and ensuring the current return wire was sufficiently far from
the sensor arrays. In addition, an Inertial Measurement Unit (IMU) containing tri-
axial accelerometers, gyroscopes and magnetometers was mounted to the top array
and used to record its orientation (Woodman 2009). In these experiments, the array
orientation did not change; however, this measurement could be used to discount
the changes in magnetic signal caused by sensor movement for situations in which
perturbation of the sensor orientation is more likely.
6.3.2 Results
Figure 6.11 shows how the perturbation in magnetic flux density caused by cur-
rent deflection increases as the defect grows in 500µm increments. The initial field
measurement before corrosion growth formed the baseline signal, which was then
subtracted from all subsequent measurements. In an undamaged state, the average
baseline was 0 nT to 300 nT for the axially oriented sensors and around 13 µT for the
azimuthally oriented sensors. There are equal numbers of sensors that measure a
positive and a negative trend due to the positions of the sensors with respect to the
signal distribution (Fig. 6.9), so the sensors that measure a positive change in the
field have been plotted separately to those that display a negative trend for clarity.
The axially oriented sensors on both sizes of the plate are oriented in the positive
z direction, and the azimuthal sensors in the positive x direction which results in
a 180° phase shift between the signal measured by sensors on opposite sides of the
plate (i.e. 1 and 9, 2 and 10 etc.).
The sensors positioned closest to the defect measure the greatest change in field
due to the corrosion growth, as the current deflection produces the strongest induced
field in these locations; however, a discernible change in the magnetic field due to
the defect growth can be observed for all sensors. The scatter in the readings at low
thickness values suggests difficulty in detecting shallow defects, yet when the defect
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Figure 6.11: (a) Axial and (b) azimuthal magnetic flux density change due to elec-
trochemical corrosion growth on a pipe carrying 3 A current at 1 Hz. Solid markers are
measured data, solid lines are quadratic curve fit and dashed lines are FE. Numbers shown
next to data correspond to sensors described in text and shown in Fig. 6.8.
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reaches a depth of 30 % of T (4.5 mm), the change in magnetic field is clear.
The sensors both on the near and far side of the plate show approximately
the same amplitude change in Bz and Bx as a result of the defect growth. This
demonstrates the ability to monitor the growth of both inner and outer wall defects
which is possible due to the large skin-depth of the low-frequency current (∼18 mm
at 1 Hz). The change in Bx is approximately double that of Bz, suggesting a higher
sensitivity; however, it must be stressed that the performance using the azimuthal
sensors here is better than was predicted using the ROC of Fig. 6.3 as there were
no significant environmental changes in the laboratory.
Model Validation
An FE model was created using COMSOL to represent the steel plate used in the
experiment. The plate was 78 mm wide, 15 mm thick and 200 mm long (a shorter
plate was modelled as the field perturbations are only of interest in the region local
to the defect). The pipe was surrounded by a cylindrical air domain and magnetic
insulation boundary conditions were applied to the external boundaries. This sets
the tangential component of the magnetic potential to zero and acts a symmetry
condition for the magnetic field. The diameter of the air domain was 6 times the
width of the plate to ensure the boundary conditions did not restrict the path of the
magnetic flux in the region of the defect. The model geometry is shown in Fig. 6.12.
The relative magnetic permeability was set to µr=100. The defect was repre-
sented by a semi-ellipsoid 39 mm in diameter, based upon a measurement of the
geometry of the real defect taken after the experiment was completed. A current
was defined in the plate by imposing a 3 A feed at one end of the plate and a ground
at the opposite end. A stationary solver was then used to solve Ampère’s law at
each FE node location. The model was solved for defect depths ranging from 0.5 mm
to 10 mm in 0.5 mm intervals. The magnetic flux density was then extracted at the
locations of the AMR sensors in the equivalent experiment, which were above and
below the plate at 25 mm standoff as indicated in Fig. 6.8b. To aid the reader in
visualising the physics, the magnetic field perturbation in Bz due to the defect is
shown in Fig. 6.12. The FE results are plotted in Fig. 6.11 as solid lines which show
very good agreement with the experimental results plotted as points. Note that
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Figure 6.12: Schematic for FE model used to predict the perturbation due to current
deflection from a growing defect in a plate. The colour gradient plot shows the expected
perturbation in Bz.
some of the lines overlap due to the symmetry of the array and the defect signal.
6.4 Conclusions
Due to the availability of highly sensitive, low-cost sensors, current deflection has
been suggested as a promising solution for monitoring CUI on unpiggable pipes.
This chapter has outlined a flexible framework that allows the performance of cur-
rent deflection SHM to be evaluated. Measurement of a real structure over repeated
temperature cycles allowed the measurement accuracy to be ascertained, and a finite
element model could then be used to predict the expected field perturbations due
to current deflection around defects. This allows prediction of possible sensor con-
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figurations for SHM on any pipe with any target defect with low time and resource
costs.
As an example, the framework was applied to CUI monitoring on an ex-service
6” riser pipe. The results suggested that changes in the magnetic field of around
3 nT could be measured with axial or radial sensors with 90 % POD at <1 % PFA,
whereas azimuthally oriented sensors get this performance for 10 nT signals due to
the high-amplitudeBθ baseline signal. In this preliminary study, a simple monitoring
strategy was employed in which a step change in sensor reading was equated to the
detection of defect growth; however, more complex change detection methodologies
would be employed in practice which exploit the availability of frequent sensor data
to track defect growth over time and improve the sensitivity.
The results suggested that detection of 3T×3T× T
3
defects on an initially defect-
free 6” pipe with 25 mm to 50 mm insulation/coating thickness would be possible
using around 10 to 50 tri-axial sensors per meter of pipe and a few amperes of
current. This is feasible due to the low sensor cost; however, a trial under industrial
conditions would be required to determine true capabilities of the SHM method. In
particular, the ability of the sensors to withstand tough conditions such as the splash
zone without drift in the readings should be determined with further investigation.
The current deflection SHM of corrosion growth on a structure was demonstrated
experimentally. Sensors on either side of the defective structure could measure the
defect growth, confirming the technique would be able to use a sensor outside the
pipe to measure damage on both the inner and outer wall. The results were also
used to validate a numerical model with good agreement.
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7.1 Summary of Thesis
This thesis has documented the development of an electromagnetic NDE technique
for the inspection and monitoring of pipes without the need to remove the pipe
coating/insulation. Chapter 1 began by introducing the industrial motivation be-
hind the work. There are millions of kilometers of pipelines carrying hydrocarbon
fluids worldwide, the majority of which are made from carbon steel and are suscep-
tible to time-dependent degradation e.g. corrosion and cracking. Inspection for this
degradation is most routinely completed by In-Line Inspection (ILI) where a tool is
inserted into the pipe where it is propelled by the fluid and is able to inspect the
pipe condition. As ILI is not trivial, any pipe feature that could cause the tool to
become stuck prevents its use. For these cases, which make up a significant propor-
tion of pipes, occasional external inspection or permanent monitoring for damage
is necessitated. This prompted a review of all the major techniques available for
inspection and monitoring of these so-called “unpiggable” pipes.
Chapter 2 categorised each currently available NDE method by the underlying
physics, with focus given to electromagnetic methods which had the most similarities
to the technique being researched in this project. It was found that there were
significant weaknesses that affected a number of the methods, particularly a lack
of sensitivity at the standoff value associated with typical pipe insulation/coating
thickness or an inability to detect internal defects. These weaknesses prompted the
investigation of a technique which would be able to measure the perturbation in the
induced magnetic field as a current (injected at remote locations) deflects around
a defect. Advances in magnetic sensor technology and phase sensitive detection
permit operation at low-frequencies, allowing detection of the very small field levels
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associated with deflection around small (tens of mm diameter) corrosion defects on
either the inner or outer pipe wall. This capability differentiates the technique from
the similar methods of ACFM (which operates at tens of kHz and is sensitive to
only surface-breaking defects) and NoPig (which has sensitivity only to relatively
large defects due to the large standoff on the order of meters). Neither technique is
used for health monitoring with permanently installed sensors.
Chapter 3 introduced a numerical model capable of predicting the signal distribu-
tions due to any defect geometry. An experiment used to measure current deflection
signals around real pipe was also introduced, and the stability and repeatability
of the measurements were quantified. The FE model was validated with scans of
slot and semi-ellipsoidal defects, and was then used to investigate how a number of
parameters such as the standoff affect the signal.
Chapter 4 considered how practical implementation of the current deflection
method would differ from the laboratory environment or the scenarios considered
in idealised numerical models. Nearby ferromagnetic objects, for example, may
distort the induced magnetic field and degrade the sensitivity to defects. A regular
amplitude variation was found to affect the magnetic field surrounding a seamless
undamaged carbon steel pipe which had potential to mask defect signals. Further
investigation revealed this to be due to magnetic property changes that occur during
the pipe manufacture process.
As directional sensors are used to measure the perturbations in the field, it is
essential to maintain stable sensor orientation during a scan otherwise the defect
signal could become polluted by the large azimuthal component of the field arising
from the injected current. To suppress this effect, it was proposed that the gradient
of the magnetic field be measured using multiple sensors whose positions relative to
one another are fixed.
Chapter 5 drew on both the numerical model for current deflection introduced in
chapter 3, and the practical challenges discussed in chapter 4 to construct a frame-
work that is capable of predicting the Receiver Operating Characteristics (ROC)
that describe the sensitivity of the technique for defect detection by scanning. ROC
are typically obtained from blind trials carried out on a number of test pieces contain-
ing realistic defects, which is resource and time intensive. The proposed framework
circumvents this requirement by combining the scans of undamaged pipe with syn-
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thetic damage growth and further contributions from general corrosion and sensor
misalignment predicted by a validated FE model. The predicted ROC showed good
potential for the current deflection technique to detect corrosion and crack damage.
Finally, chapter 6 outlined a similar framework that could be used to predict
the performance of the technique when sensors are permanently installed outside
the pipe insulation/coating in order to detect or monitor the growth of corrosion
defects. The permanent installation of sensors permits much more frequent readings
than one-off inspection which allows more advanced detection algorithms that give
rise to an increased sensitivity. Although only a simple detection methodology was
explored in this thesis, the current deflection technique showed great promise for
structural health monitoring. This was proven by demonstrating monitoring of an
electrochemically grown corrosion defect.
7.2 Key Contributions
The aim of this thesis was to explore the potential of an electromagnetic current
deflection technique for NDE of unpiggable pipes and to analyse its capabilities for
use as a screening technique by scanning outside the pipe, and in Structural Health
Monitoring (SHM) using permanently installed sensors. In achieving this goal, a
number of novel contributions have been made from an academic research perspec-
tive, and also from an industrial perspective. These contributions are summarised
below:
Review of techniques for inspection and monitoring coated/insulated
pipes
Although there has been some effort to document the available NDE solutions for
application coated and insulated pipes, much of the literature is promotional in
nature and there has not yet been a publication that effectively summarises all
available methods as was presented in this thesis. Chapter 2 outlines the features
and limitations of NDE methods for difficult-to-inspect pipes and provides a useful
introduction to a reader seeking a brief overview of existing techniques.
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Understanding of considerations affecting performance of practical im-
plementation
In the development of a new NDE technique, an understanding of the limitations
on the sensitivity is essential. The studies presented in this thesis have elucidated
a number of these limitations (pipe wall thickness variations, nearby ferromagnetic
objects, pipe crossings, bends, shallow general corrosion and sensor orientation and
magnetic noise from seamless pipes). The results have provided understanding on
how the current deflection technique should be developed for specific inspection or
monitoring scenarios.
Numerical model for prediction of current deflection signals
A numerical model has been created that is able to predict the perturbations in
the magnetic field from any arbitrary defect size and inspection or monitoring con-
figuration. Due to the commercially availability of the FE software used to create
the model, the description in section 3.2 could be used to reconstruct the model
with little difficulty. This would prove invaluable in the design of future practical
deployments of the current deflection technique.
Framework to evaluate performance of NDE scanning
A framework for the quantitative prediction of the performance of defect detection
by scanning using the current deflection technique has been developed. The frame-
work is flexible as the contribution to the signal from the defect is separated from
contributions originating from other sources; this simplifies future development. The
framework would be useful in determining the capabilities of current deflection NDE
for a given industrial test scenario.
Framework to evaluate performance of SHM
Analysis of the sensitivity of current deflection technique as a permanent monitoring
solution has been made possible via the development of a framework that combines
the quantification of the measurement noise from monitoring an undamaged struc-
ture over multiple temperature cycles with the solution of a validated FE model
that predicts the response to defect growth.
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7.3 Comparison with Competing NDE Techniques
The final aim of the thesis was to determine whether or not the technique has
significant strengths in comparison to existing methods and if so, to determine the
next steps in the development of method.
In 2013, Santos and Filho reviewed technologies for the inspection of insulated
riser pipe (Santos et al. 2013) where coating at the splash zone could not be removed.
They concluded that best practice would be periodic inspection with SLOFEC be-
ginning from both above and below the splash zone, combined with guided wave
monitoring from above the splash zone. PEC was an alternative to SLOFEC, but it
had poorer detection performance, only finding defects with a diameter greater than
60 mm when the pipe had 15 mm coating thickness whereas SLOFEC could detect
all defects greater than 60 mm diameter with metal loss ranging from 10 % to 80 %.
The potential advantage of PEC in measuring remnant thickness was not realised in
this study as the reported results were inaccurate; however, it should be noted that
PEC has been successfully used for detection of defects under insulation in many
other cases (Sophian et al. n.d.). In comparison to SLOFEC, the current deflec-
tion technique has potential to detect smaller diameter defects with 15 mm coating
thickness. The expected sensitivity is comparable to PEC (e.g. 10 % wall thinning
detected on pipes with 10 mm to 100 mm coating thickness (Lai et al. 2015)). The
scanning speeds achievable using SLOFEC are likely quicker than would be possi-
ble using current deflection; however, the equipment is heavy due to the need to
magnetically saturate the pipe. Furthermore, the upper limit on coating thickness
was around 15 mm whereas current deflection could potentially function on thicker
coatings (Santos et al. 2013).
In 2012, Liu and Kleiner performed a review of available NDE technologies for
inspection of water pipes (Z. Liu 2012). Water pipes are generally smaller diame-
ter than petrochemical pipes, and the lower value of the pipe contents often means
lower-cost techniques are preferred in contrast to petrochemical pipes. Nevertheless,
the paper presents a useful overview of available methods. Of the electromagnetic
methods applicable for unpiggable pipes, PEC was found to give accurate and re-
peatable results.
PEC and SLOFEC can be seen as the direct competitors for the current deflec-
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tion technique, as both are grounded in electromagnetism, and are targeted towards
corrosion detection on insulated pipes and are applicable without the removal of
coating, whereas the other methods discussed in chapter 2 have alternative primary
use-cases. To this end, current deflection NDE offers significant potential bene-
fits over SLOFEC and PEC. The theoretical sensitivity is comparable, but current
deflection NDE requires only inexpensive magnetic sensors and two access points
for the current injection unlike the heavy equipment required by SLOFEC. PEC
is an established technique for detection of corrosion under insulation; however, it
has high power requirements, limited measurement accuracy at the upper standoff
limit (tens of mm) and gives an average wall thickness measurement over a footprint
which is typically 25 mm to 100 mm in diameter (Z. Liu 2012; Nestleroth, Davis, and
Flamberg 2006). PEC cannot distinguish inner and outer-wall defects, unlike the
current deflection technique which could utilise the skin-effect to differentiate either
case. SLOFEC and PEC are currently only offered in scanning systems, whereas
current deflection has potential for SHM using permanently installed sensors. It is
clear with respect to the aim of the thesis, that current deflection NDE has potential
advantages over competing methods capable of detecting defects on insulated pipe.
7.4 Direction of Future Work
This thesis has explored two potential applications of the current deflection NDE
technique: defect screening by scanning and structural health monitoring. Future
work could focus on expanding either or both of these applications. Although, in
both cases, the signal arises from deflection of an injected current around a defect, a
different set of practical challenges must be overcome in order for the technique to be
successful. In this section, the potential for future developments will be highlighted.
Defect Screening by Scanning
NDE scanning involves physically moving the sensors to map the magnetic pertur-
bations from defects; therefore, the stability of sensors is critical. This research
suggested that alignment will be the limiting factor for the performance of the tech-
nique. A potential solution was explored in sections 4.7 and 5.2.4 where a gradiome-
ter was formed synthetically by post-processing scan data acquired with well-aligned
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sensors; however, future development of the technique should focus on testing and
validating this principle using hardware-formed gradiometers. Similarly in section
4.6, the effect of sensor movement during acquisition was explored by post-processing
model or scan data which should also be studied using a prototype scanning system.
After measuring the magnetic field of a number of real, defect-free pipes in an in-
dustrial setting using a hardware gradiometer, the framework presented in chapter
5 could be used in conjunction with FE to achieve a more realistic estimate of the
technique performance and to inform of the target areas for further development.
Further development of current deflection scanning would focus on improving the
detection algorithm, which was relatively simple in this research. Some suggestions
were given in section 5.3. Section 4.5 discussed how magnetic scans of seamless pipes
would be difficult due to interference from variations in the material properties. A
number of algorithms have been developed for MFL that claim to effectively suppress
this interference. Future research could attempt to apply these algorithms to current
deflection scans to improve detection performance on seamless pipe.
Structural Health Monitoring
Chapter 6 showcased the potential for current deflection as an SHM solution due to
the high sensitivity and low cost of magnetoresistive sensors. Many of the practi-
cal challenges faced by current deflection scanning could be avoided as the sensors
positions are fixed permanently. As with the scanning mode, it would be essential
to control the sensors orientation in order to maximise sensitivity. The next step
in the development of current deflection SHM should therefore be to quantify the
signal stability in an industrial setting, after which the results could be used with
the framework from chapter 6 to give a more realistic estimate of the sensitivity.
In the monitoring experiments, an Inertial Measurement Unit (IMU) was used to
monitor the sensor orientation, which stayed constant in the controlled laboratory
environment. If a variation in sensor orientation were found in an industrial setting,
future work could explore whether the IMU data could be used to compensate for
orientation changes. The performance of SHM could be improved by making full
use of the additional data made available by frequent sensor readings by using more
advanced change detection methodologies.
A well established SHM technique is guided wave ultrasound. Guided wave
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methods achieve the best results only when applied to long sections of pipe free from
features such as tees, valves or circumferential welds. With permanent immobile
sensors, SHM of some complex features without moving parts may be possible using
the current deflection technique by employing baseline subtraction methods, so long
as a current can be injected into the feature and the practical limitations of the
technique are considered, such as the presence of nearby ferromagnetic objects (note
that the monitoring of pipe features was not considered in this work). Guided waves
can be attenuated by insulation coating, whereas the coating would not affect current
deflection measurements. A relatively large amount of the coating should be removed
in order to position the guided wave bracelet; whereas current deflection, in its most
primitive form, requires only a pair of single attachment points to the pipe which
may be made possible by exploiting the existing infrastructure (e.g. connections to
the pipe for testing cathodic protection).
In addition to the issues specific to either monitoring or scanning, there lie a
number of development opportunities for both the scanning and SHM techniques
that were out of the scope of this thesis. For example:
• Multi-frequency or pulsed excitation could be used to exploit the skin-effect
and allow higher sensitivity for surface-breaking defects, as well as an ability
to locate defects on either the inner or outer pipe surface (similar to NoPig
(Krivoi 2008)).
• The AMR sensors selected were the optimum choice when designing the exper-
imentation; however, newer sensor technology is continually being developed
which could offer improved performance and tri-axial sensing. Frequent re-
views of sensor technology would optimise future developments.
• For the feasibility studies presented in this thesis, equipment size and mea-
surement time was not a primary concern. Miniaturisation of the electronics
and optimisation of the acquisition time should be a focus of future develop-
ment. In particular, achieving simultaneous sensor interrogation would enable
more rapid acquisition speeds in comparison to the multiplexing method used
with the phase-sensitive detection in the current experiments, especially when
using large arrays.
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• It is important that the current can be injected into the pipe at distant loca-
tions with minimal coating removal. One possible solution would be to exploit
existing connections with the pipe such as testing posts for cathodic protection
currents. It would be crucial to investigate the best way to achieve the current
injection in future work.
• Ultimately, whether or not the current defection method receives further de-
velopment will depend on its performance and cost relative to competing NDE
methods. This thesis has shown that the expected performance is compara-
ble to its competitors; however, a cost-benefit analysis would be invaluable in
deciding which specific applications of the technique offer the best value.
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A B S T R A C T
The magneto-mechanical memory (MMM) method, that is often referred to as the metal magnetic memory
method, has been reported to be a non-destructive testing technique capable of quantifying stress concentrations
and detecting defects in ferromagnetic materials. The underlying mechanism behind MMM has been explained in
the literature, but the sensitivity to stress concentration has not been satisfactorily investigated. In this paper, both
the normal and tangential components of the stress-induced MMM signal were measured by permanently installed
magnetic sensor arrays on specimens made from three grades of L80 alloy steel and 20 other structural steels; tests
were also carried out on a pipe made from the 4140-L80 steel. As expected, the stress history affects the MMM
signal, but the experimental results show that signiﬁcant irreversible change of magnetization always occurs only
in the ﬁrst cycle of loading regardless whether the deformation is purely elastic or partially plastic. If the peak
stress level is increased at a given point during cycling, the immediately following next cycle acts as a new “ﬁrst”
cycle at that peak stress level and causes additional signiﬁcant irreversible change of magnetization, but there is
no evidence that plastic deformation might build up a cumulative magnetization. The MMM effect is very small in
the steel samples tested, indicating that it will not be useful in ﬁeld applications. In un-notched specimens the
irreversible change in magnetization caused a proportional change in the measured external magnetic ﬁeld on the
order of only 5–10 A/m, while in the case of notched specimens the leakage ﬁeld was on the order of 30–60 A/m.
1. Introduction
Internal or external corrosion in pipelines is unavoidable, and com-
promises the structural integrity of the pipeline [1]. The pressure and
bending stresses that the pipe experiences will result in stress concen-
trations in corroded areas due to geometric wall thinning. The ability to
detect and quantify a stress concentration zone (SCZ) or detect
micro-defect growth, can in principle enable one to predict the location
of mechanical failure and evaluate the residual life of pipelines [2]. There
is a range of well-established non-destructive testing (NDT) methods
used in pipeline inspection, such as radiography, ultrasonic testing, eddy
current testing and magnetic ﬂux leakage (MFL) pipeline pigs [3]. The
magneto-mechanical memory (MMM) technique, which is also referred
to as the metal magnetic memory technique [4–7], is promoted as a
passive, non-contact NDT method, that uses measurement of the residual
magnetic leakage ﬁeld (RMLF) above a pipe to detect regions of stress
concentration or defects [5,8–12].
Ferromagnetic materials exhibit intrinsic remanent magnetization
left behind after the applied magnetic ﬁeld is removed. This magnetic
memory effect is widely exploited in magnetic storage devices and can be
also exploited for the purposes of nondestructive materials character-
ization. Of particular interest in this study was magnetic memory of the
mechanical deformation history of ferromagnetic materials that can be
directly related to remaining strength and service life of fracture critical
components. The underlying physical phenomenon behind such mag-
netic memory of a mechanical origin is the so-calledmagneto-mechanical
effect [6,13,14], in which the application of stress in a ferromagnetic
material causes the rearrangement of magnetic domains, thereby causing
a change in the magnetization of the material. The MMM method is
generally rather weak and perceivable only in the absence of strong
applied magnetic ﬁelds. Therefore these NDE techniques require high
detection sensitivities commonly encountered in residual magnetic ﬂux
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leakage measurements. Jiles and Atherton laid down the foundation of
NDE based on the elastic magneto-mechanical effect [13,14], which
shows that the largest change in RMLF is always in the very ﬁrst elastic
loading cycle. Then, further cycling at the same stress level has no sig-
niﬁcant effect on the RMLF signal. Dubov reported stronger cumulative
elastic and plastic magneto-mechanical effects that he called the “mag-
netoelastic” effect [5] and “magnetoplastics” [6], respectively. These
effects were reported to manifest themselves in an irreversible increase of
RMLF in the presence of a weak external ﬁeld, as shown in Fig. 1. Dubov
postulated that cyclic plastic strain has a cumulative effect, so that the
RMLF increases right up to point of failure. This effect would make de-
fects producing stress concentrations in heavily loaded structures pro-
gressively easier to detect as failure approaches, and could be a very
attractive approach for NDT. However, before basing an inspection
procedure on the method, it is necessary to determine the strength of the
effect in the materials of interest. The magneto-mechanical effect is
sensitive to the microstructure of the ferromagnetic material, meaning
that mechanical cyclic softening or strengthening can be observed on
different materials [15].
A potentially signiﬁcant advantage of the MMM technique as a means
to locate stress concentration or monitor defects is that the signal in-
tensity is not as signiﬁcantly affected by the stand-off as other techniques
such as ultrasound or eddy current inspection [3,16]. This could allow
the technique to be applied for detection of corrosion under insulation or
in buried pipes at signiﬁcant stand-off [17]. The MMM technique has
been implemented as a periodic screening inspection tool by measuring
RMLF distribution on the outer surface of a specimen [18]. It has been
reported to be capable of evaluating the degree of stress concentration
[19–22], indicating the deformation stage [23–26], and monitoring fa-
tigue crack propagation [27–29].
Recent publications have suggested that the MMM technique has low
reliability when used for stress assessment if the formation conditions of
the remanence state are not taken into account [30–32]. Different for-
mation conditions may cause signiﬁcant variation in remanent magne-
tization. The RMLF produced due to stress concentration depends on
many factors, such as the initial magnetic state [33], the external back-
ground magnetic ﬁeld [34,35], the chemical composition and micro-
structure of the material [15,35] and the load history [36]. In most MMM
experiments in the published literature, the chemical composition of
samples was known in advance, and the samples were usually demag-
netized prior to the application of stress. As the source of excitation in the
MMM technique, the background magnetic ﬁeld only changes the MMM
signal magnitude, and does not change the proﬁle of the response curves.
The load history has a more complex inﬂuence on the MMM signal, due
to the hysteresis of the magneto-mechanical effect [13,36].
During site trials, the MMM technique has been shown to detect de-
fects in some instances, but has failed in other trials [37]. It is interesting
to note that diagrams of the form of Fig. 1 are often presented in a
schematic form in papers on the MMM technique [5,6,38], rather than
being illustrated with real experimental data. In this paper we evaluate
the sensitivity of the MMM technique using permanently installed
monitoring systems on some steel alloys commonly used in pipeline ap-
plications. The primary question this study raises is whether the magnetic
memory exhibited by some common Grades of L80 pipe steel conforms to
the relatively weak magneto-mechanical effect predicted by Jiles and
Atherton [13,14] or to the empirical observations of a stronger cumu-
lative magnetoplastic effect reported by Dubov [6] and others. Both ef-
fects occur in the presence of weak external magnetic ﬁelds such as the
natural geomagnetic ﬁeld (30–50 A/m).
In this paper, dog-bone specimens were prepared from representative
materials and tensile testing was carried out. In addition, four point
bending tests were performed on a pipe specimen. Both the normal and
tangential components of the stress-induced RMLF just above the spec-
imen surface were measured by means of permanently installed magnetic
sensor arrays. Two types of notches were machined in the dog-bone
specimens to introduce local stress concentration. The variations of the
MMM signal during elastic and plastic deformation during the loading
process under different strength biasing magnetic ﬁelds were investi-
gated. Tests were also carried out on a pipe made from one of the ma-
terials in four point bending in order to investigate whether similar
effects were seen in geometries more representative of indus-
trial practice.
2. Experimental set-ups and samples
2.1. Specimen preparation
Samples were prepared from three different grades of L80 alloy steel
[39], which are commonly used for pipelines in the petrochemical in-
dustry, and from 20 other structural steels [40–45]. The chemical
composition and mechanical properties of these steels are shown in Ta-
bles 1 and 2 in the Appendix, respectively. The 5mm thick, ﬂat, dog-bone
shape specimens were machined from pipes of various diameters and
wall thicknesses or plates of various lengths and widths, with the di-
mensions shown in Fig. 2.
One 450 mm long pipe specimen was prepared for a four point
bending test. The material of the pipe specimen was 4140-L80 with outer
diameter 60.32 mm and wall thickness 4.83 mm.
2.2. Experimental instrumentation
An Instron 1185 testing machine, whose load error is ±0.5%, was
used to carry out the tensile tests on the dog-bone specimens and a
Testometric 100 kN FS machine was used to carry out the four point
bending test on the pipe specimen. To reduce the inﬂuence of sur-
rounding ferromagnetic materials, the specimen clamps for the tensile
test and the loading cells for the bending test were made of non-magnetic
stainless steel.
The normal and tangential components of the stress-induced RMLF,
which are known as the MMM signal, were measured by two perma-
nently installed magnetic sensor arrays. Each magnetic sensor array
consists of 16 channels (8 normal channels and 8 tangential channels) of
AMR sensors AFF755B, whose resolution is 0.0016 A/m and sensitivity is
15 (mV/V)/(kA/m) [46].
For the dog-bone samples, two linear AMR sensor arrays were ﬁxed
on the sides of the specimen surface to isolate magnetic ﬁelds originating
inside the specimen. The 16 channels of AMR sensors were labeled 1 to
Fig. 1. Schematic representation of the magnetoelastic effect action mechanism (after
[6]): ΔMσ and ΔMnonrevσ are variations of residual magnetization under load and after its
relief, respectively, Δσ is the variation of thermal stress and He is the external mag-
netic ﬁeld.
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16 and ﬁxed on two 3D printed ABS plastic sensor holders, as shown in
Fig. 3. The tangential magnetic ﬁeld sensors were marked by odd
numbers (blue colour), while the normal ones were marked by even
numbers (orange colour). Here, the “normal magnetic ﬁeld” component
is in the direction normal to the specimen surface, while the “tangential
magnetic ﬁeld” is in the direction parallel to the specimen surface in the
length direction of the sample. The tangential and normal magnetic ﬁeld
sensors were placed alternately in the length direction. The designations f
and b represent the front face and back face, respectively.
Two ring AMR sensor arrays were ﬁxed on the outer surface of the
pipe specimen, as shown in Fig. 4. The tangential magnetic ﬁeld sensors
were marked by odd numbers (blue colour), while the normal ones were
marked by even numbers (orange colour). Here, the “normal magnetic
ﬁeld” component is in the direction normal to the pipe surface, while the
“tangential magnetic ﬁeld” is in the direction parallel to the specimen
surface in the axial direction of the pipe. The tangential and normal
magnetic ﬁeld sensors were placed alternately in the circumferen-
tial direction.
An electrical circuit was designed to control the 32 channels of AMR
sensors, as shown in Fig. 5. In Fig. 5, the shape of the AMR sensor arrays
can be either linear or ring and the corresponding specimen is either a
dog-bone sample or pipe sample. The AMR sensors were powered by a
constant voltage power supply. The multiplexer, which consists of 4 16
channels, was divided into two groups and controlled by a Pico data
logger to switch the differential outputs of the AMR sensors into a two
channel ampliﬁcation circuit. The ampliﬁed voltages were captured by
the Pico data logger and then sent to a PC for post processing.
3. Experimental procedure
Five experiments were conducted in this study. Firstly, one 4140-L80
dog-bone specimen was chosen to study the elastic magneto-mechanical
Fig. 2. Geometry and dimensions of the dogbone specimen (units: mm).
Fig. 3. (a) Photograph and (b) schematic diagram of the conﬁguration of two AMR sensor arrays. The tangential magnetic ﬁeld sensors were marked by odd numbers (blue colour), while
the normal ones were marked by even numbers (orange colour) in (a). The designations f and b represent the front face and back face of the sample, respectively. (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 4. Schematic diagram of the conﬁguration of the ring AMR sensor arrays. The
tangential magnetic ﬁeld sensors were marked by odd numbers (blue colour), while the
normal ones were marked by even numbers (orange colour). (For interpretation of the
references to colour in this ﬁgure legend, the reader is referred to the web version of
this article.)
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effect described by Jiles and Atherton [13,14]. Secondly the strength of
the plastic magneto-mechanical effect on three kinds of L80 dog-bone
specimens was checked under plastic deformation. Next, two types of
notches were machined on 4140-L80 dog-bone specimens in order to
investigate whether the effects were stronger in the presence of localized
change of the sort that would be of interest to detect. Some pipelines are
routinely inspected by 'pigging' using the magnetic ﬂux leakage (MFL)
technique and this leaves signiﬁcant remnant magnetization [47]. It was
therefore also of interest to investigate whether the presence of remnant
magnetization affected the MMM measurements.
It should also be remembered that the geometry of the dog-bone
sample used should produce a stronger MMM signal than would be
observed in a pipe specimen for the same level of applied stress. This is
because one would expect the magnetic return path in a pipe geometry to
reduce the amount of magnetic ﬂux leakage when compared to the dog-
bone sample shape. Therefore, a four point bending test was carried out
on a pipe specimen to study the elastic magneto-mechanical effect.
These experiments were carried out at room temperature and in the
presence of the Earth's magnetic ﬁeld (horizontally northward 15.12 A/
m and vertical component perpendicular down to the Earth's surface
35.81 A/m). Before testing, all the specimens were demagnetized by a
Magnaﬂux L-10 coil to eliminate any magnetization generated dur-
ing machining.
3.1. Magnetization change under elastic load
To study the elastic magneto-mechanical effect, a 4140-L80 dog-bone
specimen was loaded to 250 MPa (about 45% of the yield strength).
Instead of loading the specimen direct to 250 MPa, the load was
increased in three steps:
(1) Two load and unload cycles from 0 to 100 MPa with readings
taken at 10 MPa steps, without demagnetizing between cycles.
(2) Two load and unload cycles from 0 to 180 MPa with readings
taken at 10 MPa steps, without demagnetizing.
(3) Two load and unload cycles from 0 to 250 MPa with readings
taken at 10 MPa steps, without demagnetizing.
By increasing the load in steps, the magnetization change due to ﬁrst
loading cycle and further cycling at the same stress level can be clearly
distinguished. Two linear AMR sensor arrays as shown in Fig. 3 were
ﬁxed on both sides of the dog-bone specimen using brass screws. The lift-
off distance between AMR sensors and the specimen surface was 1 mm.
3.2. Magnetization change under plastic load
Three types of L80 dog-bone specimens were used to study the plastic
magneto-mechanical effect based on the mechanical properties given
in Table 2:
(1) 4140-L80 cycled up to 20% strain in 5% steps, without
demagnetizing.
(2) 9CR-L80 cycled up to 0.5% strain in 0.1% steps, without
demagnetizing.
(3) 13CR-L80 cycled up to 0.5% strain in 0.1% steps, without
demagnetizing.
The MMM signal was measured by the same linear AMR sensor arrays
simultaneously when applying the load. To measure the strain, four
strain gauges were used to make a Wheatstone bridge. One strain gauge
was attached on the specimen surface and the other three were used as
references. A photograph of the AMR sensor array and strain gauge
conﬁguration is shown in Fig. 6.
3.3. Notched samples
In order to produce local stress concentration during loading, two
types of notches were machined in the center of two 4140-L80 dog-bone
specimens labeled A and B, respectively. Specimen A was machined with
two semi-cylindrical notches on the face surfaces, as shown in Fig. 7(a).
Specimen B was machined with two semi-cylindrical notches on the side
surfaces, as shown in Fig. 7(b). The dimensions of the notches are listed
in Table 1.
The MMM signal from the notched samples was measured using the
same linear AMR sensor arrays as already described, in the
following steps:
(1) Demagnetize the dog-bone specimen.
(2) Measure theMMM signal with no load at different levels of biasing
magnetic ﬁeld, which was generated by a Helmholtz coil, as
shown in Fig. 8. The Helmholtz coil, with a diameter of 300 mm,
was placed horizontally and in the East-West direction.
(3) Demagnetize the specimen.
(4) Increase the load in 50 MPa steps to a nominal average stress of
approximately 600 MPa and then unload in 50 MPa steps. Take
magnetic measurements at each load step.
(5) Demagnetize the specimens.
(6) Repeat the measurement of the MMM signal with no load at
different levels of biasing magnetic ﬁeld.
3.4. Side notched sample with remanent magnetization
The same side notches as shown in Fig. 7 (b) were machined on a new
Fig. 5. Schematic diagram of hardware circuit.
Fig. 6. Photograph of AMR sensor array and strain gauge conﬁguration for plastic tests.
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4140-L80 dog-bone sample labeled as “C”. To study the inﬂuence of
remanent magnetization on the MMM signal, the sample was demagne-
tized and then put into a magnetizing solenoid coil to obtain a remanent
magnetization of approximately 300 A/m in the sample. The solenoid
coil, which has a diameter and length of 65 mm and 330 mm respec-
tively, is constructed from 1000 turns of 28 gauge, insulated copper wire.
The DC resistance of the solenoid coil was 157 Ω ± 5%. After magneti-
zation, the dog-bone sample was loaded in 50 MPa steps to a nominal
average stress of approximately 600 MPa and then unloaded in 50 MPa
steps. Magnetic measurements were taken at each load step.
3.5. Magnetization change of pipe sample under a four point bending test
A four point bending test was performed on a pipe specimen to study
the stress-induced RMLF in the magnetic return path of a pipe geometry.
A schematic diagram of the four point bending test is shown in Fig. 9. The
span distances of L1, L2 and L3 are the same (L1 ¼ L2 ¼ L3 ¼ 100 mm). To
reduce stress concentration at the loading points, four aluminum sheets
(4 mm thick) were inserted into the contacting area between the rollers
and the pipe sample. One pair of strain gauges (pair I) were placed in the
center part of the pipe sample, with one on the top and the other one on
the bottom; another pair of strain gauges (pair II) were placed near the
left supporting roller.
The ﬂexural stress in the four point bending test can be estimated
from simple beam theory [48], the maximum stress when a 50 kN load
was applied at each loading roller being 462 MPa. Instead of loading the
specimen direct to this maximum stress, the load was increased in
three steps:
(1) Two load and unload cycles from 0 to 154 MPa with readings
taken at 10 MPa steps, without demagnetizing between cycles.
(2) Two load and unload cycles from 0 to 308 MPa with readings
taken at 10 MPa steps, without demagnetizing between cycles.
(3) Two load and unload cycles from 0 to 462 MPa with readings
taken at 10 MPa steps, without demagnetizing between cycles.
By increasing the load in steps, the magnetization change due to the
ﬁrst loading cycle and further cycling at the same stress level can be
clearly distinguished. Two ring AMR sensor arrays as shown in Fig. 4
were ﬁxed on the outer surface of the pipe specimen using brass screws.
The lift-off distance between the AMR sensors and the pipe surface
was 1 mm.
3.6. Tests on wider variety of steels with side notches
Having completed the extensive tests above on 4140-L80 steel, a
representative test was then carried out on a further 20 steels in order to
see whether the same trends were seen. The same side notches as shown
in Fig. 7(b) were machined in dog-bone specimens made from these
steels. The notched samples were tested in the following steps:
(1) Demagnetize;
(2) Increase load in steps (5% yield strength) to a nominal average
stress of approximately 10% above the yield stress yield strength
and take magnetic measurements at each load step;
Fig. 7. Schematic diagram of two types of notches in the center of 4140-L80 dog-bone specimens. (a) Notches on face surfaces of specimen A and (b) notches on side surfaces of
specimen B.
Table 1
Dimensions of two types of notches.
Notch type Notch diameter (mm) Notch depth (mm)
Specimen A Face-notched 2 1
Specimen B Side-notched 8 4
Fig. 8. Helmholtz coil generates different levels of magnetization.
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(3) Unload in steps (5% yield strength) and repeat magnetic mea-
surements at each step.
4. Experimental results and analysis
4.1. Magnetization measurement under elastic load
Our goal was to selectively measure the magnetic ﬁeld produced by
sources inside the specimen by suppressing themagnetic ﬁeld originating
from external sources. Based on the experimental results, it was found
that the tangential magnetic ﬁeld signal does not vary signiﬁcantly in the
area tested, and so to summarize the data for each loading test, the
tangential ﬁeld data from each side of the sample is averaged, as shown
in Eq. (1).
Htangential ¼
P
Hnf þ
P
Hnb
number of tangential sensors
(1)
The normal ﬁeld varies approximately linearly along the length di-
rection and is strongest towards the ends of the sample as expected; the
normal ﬁeld data from the 4 outermost sensors is presented, as shown in
Eq. (2). The normal ﬁeld measured by sensors closer to the specimen
center show small variations during the loading process; data from these
sensors have lower SNR and are therefore not used in this summary data.
Hnormal ¼

H2f  H16f
þ ðH2b  H16bÞ
4
(2)
To present the experimental data more clearly, the raw data was
compressed according to Eqs. (1) and (2). After this, the magnetization
change during six load cycles can be obtained. It was found that the re-
sults on repeat loading cycles to the same maximum load were almost
identical to those of the ﬁrst cycle. The solid and dashed lines indicate the
loading and unloading steps, respectively. An irreversible change is seen
in initial loading to a given load, while subsequent unloading and
reloading gives reversible changes. This ﬁnding on the elastic magneto-
mechanical effect is completely consistent with that obtained by Jiles
and Atherton [13,14], but the effect is small (about 10 A/m maximum
compared with the Earth's magnetic ﬁeld ~40 A/m).
Fig. 9. Schematic diagram of the four point bending test. L1 ¼ L2 ¼ L3 ¼ 100 mm, and the maximum force loaded at each roller is 50 kN.
Fig. 10. (a) Tangential and (b) normal magnetic ﬁeld change of 4140-L80 dog-bone sample measured during elastic testing. The solid and dashed lines indicate the loading and unloading
steps, respectively.
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4.2. Magnetization measurement under plastic load
The raw data of magnetization change during plastic tests was com-
pressed according to Eqs. (1) and (2). The curves from repeat measure-
ments at the same strain level were averaged due to the small signal
levels. The magnetization change for the 4140-L80 sample during plastic
deformation is shown in Fig. 11.
It can be seen that the proﬁle of the tangential magnetic ﬁeld is
similar to that of the normal magnetic ﬁeld. Likewise, the tangential and
normal magnetic ﬁelds have similar proﬁles for the 9CR-L80 and 13CR-
L80 samples, except that the signal amplitude is different. Due to the
limited space available on the sample surface with the AMR sensors used,
only the normal magnetic ﬁeld was measured for the other two samples,
and is shown in Fig. 12. From Figs. 11 and 12, it can be seen that the
stress history affects the MMM signal, but the effects are small in these
materials (about 10–20 A/m compared with the Earth's magnetic ﬁeld of
~40 A/m in the lab), and the plastic deformation tends to reduce the
MMM signal. The results show no evidence of the cumulative effect due
to cyclic plastic strain reported by Dubov [6]. In this experiment, the
plastic strain is essentially uniform along the sample length direction.
Therefore it was decided that localized strain deformation would be
introduced in the next stage of the experiments to further check the
plastic magneto-mechanical effect.
4.3. Magnetization measurement of notched samples
By localizing the plastic strain the localized magnetization becomes
easier to detect through the resulting RMLF. Fig. 13 presents the exper-
imental results of the face notched sample at different biasing magnetic
ﬁeld before being loaded. The variation of the normal magnetic ﬁeld at
different axial positions is much more obvious than that observed for the
tangential magnetic ﬁeld. Therefore, only the normal ﬁeld is presented in
further results.
The magnetic signal of interest in Fig. 13 is surrounded by incoherent
noise which makes analysis of the correlation with the controlled input
parameters difﬁcult. A matched ﬁlter was therefore proposed which
takes advantage of the a-priori knowledge of the system, in order to
suppress the noise that does not match the expected behavior of the
signal. One must note the limitations of this approach, in that noise that
matches the expected behavior of the signal will pass through the ﬁlter,
and it is only applicable to simple situations with a known specimen
geometry and loading process. The ﬁlter steps are outlined below:
(1) The general slope of the data was removed as this is only related to
the specimen geometry.
(2) The average value of the ﬁeld was subtracted, as the normal
magnetic ﬁeld on the specimen surface should have odd symmetry
with a vanishing average.
(3) The normal magnetic ﬁeld data equidistant from the sample
center were averaged with an inverted sign as the normal ﬁeld
produced by magnetization exhibits odd symmetry about the
specimen center (due to the alternation of adjacent normal and
tangentially oriented sensors, there was an offset equal to the
array pitch between sensors above and below the sample center).
The peak to peak amplitude of the ﬁltered magnetic ﬁeld was then
calculated on sensors 6–12, as these sensors were closest to the notch as
shown in Fig. 3. After data processing, comparison of the peak to peak
value of the normal magnetic ﬁeld perturbation under different biasing
magnetic ﬁelds can be obtained for both types of notched specimens, as
shown in Fig. 14. The average value was subtracted as the expected
normal magnetic leakage ﬁeld caused by magnetization inside the
specimen is zero. The cross markers are the measured data points and the
solid line is the ﬁtted line based on linear regression. As expected, the
perturbation generated by the notch is proportional to the applied ﬁeld,
but it is much smaller in magnitude than the applied ﬁeld. The test was
repeated after the samples had been loaded to a nominal average stress of
600 MPa, and it was observed that the effect was increased but was still
relatively small.
Fig. 14(a) shows that the slope of the ﬁtted curves increases from
8.5% (before load) to 16.1% (after unloading from 600 MPa) for the face
notched specimen, while for the side notched specimen the slope in-
creases from 2.3% (before load) to 20.6% (after unloading from
600 MPa), as shown in Fig. 14(b). It can be seen that the plastic defor-
mation and residual stress around the notches after loading will increase
the remanent ﬂux leakage. The effect of side notches is larger than that
observed for face notches. This is because the side notches have a larger
magnetization concentration length (8 mm) in the length direction of the
sample, compared with that of face notches (2 mm), and the spatial
resolution of normal magnetic sensors is 20 mm. Therefore the current
AMR sensor arrays can capture larger RMLF signal for side notched
samples than face notched samples.
The notched dog-bone specimens were also loaded and unloaded in
50 MPa steps. Fig. 15 shows the normal magnetic ﬁeld of the face
notched specimen at different loading and unloading steps, where the
solid and dashed lines indicate the loading and unloading steps,
respectively.
The normal component of magnetic ﬁeld was used for data post-
processing by using the ﬁlter steps 1–3 outlined previously. Here, the
data from the original zero load case was subtracted from all other load
cases, so that the remaining magnetic ﬁeld proﬁles are only due to stress-
Fig. 11. (a) Tangential and (b) normal magnetic ﬁeld change of 4140-L80 sample measured during plastic deformation.
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induced magnetization. The comparison of the normal magnetic ﬁeld
proﬁles of the two types of specimens during the loading and unloading
steps is shown in Fig. 16.
When applying the load, plastic deformation and residual stress were
generated around the notches. We have conﬁrmed the presence of re-
sidual stresses of the order of 200 MPa predicted by ﬁnite element (FE)
simulations via neutron diffraction measurements [49]. Fig. 16 indicates
that there is a measurable effect, but again it is very small (about 6 A/m
maximum compared with the Earth's magnetic ﬁeld ~40 A/m) and does
not vary monotonically with load. Further tests on different samples have
shown that the MMM signals detected are fairly reproducible for each
alloy grade tested. The results presented here show no evidence of a
cumulative plastic magneto-mechanical effect.
4.4. Magnetization measurement of side notched sample with remanent
magnetization
Fig. 17 presents the normal magnetic ﬁeld results of the side notched
sample during the loading and unloading process, where the solid and
dashed lines indicate the loading and unloading steps, respectively. The
Fig. 12. Normal magnetic ﬁeld change of (a) 9CR-L80 and (b) 13CR-L80 samples measured during plastic deformations.
Fig. 13. Magnetic ﬁeld measurement of face notched sample at different magnetization levels. (a) Normal magnetic ﬁeld and (b) tangential magnetic ﬁeld.
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dashed lines are overlapped because the magnetization change during
unloading process is small.
Based on the matched ﬁlter outlined previously, the raw data of the
normal magnetic ﬁeld was processed. The relationship between the
magnetization change and loading steps was calculated, as shown
in Fig. 18.
It can be seen that the remanent magnetization has been signiﬁcantly
decreased with a small applied stress (about 150 MPa). Plastic defor-
mation generated by the notches has a relatively small effect on the
MMM signal, as described in the previous section. During the unloading
process, there is a small increase in the normal magnetic ﬁeld signal with
decreasing load. Plastic deformation does not seem to build up a cumu-
lative magnetization; rather, it tends to erase the magnetic memory.
4.5. Magnetization measurement of pipe sample under a four point bending
test
Based on the experimental results, it was found that the tangential
magnetic ﬁeld signal does not vary signiﬁcantly in the area tested. In
order to suppress the magnetic ﬁeld originating from external sources
and summarize the data for each loading test, the averaged tangential
magnetic ﬁeld data from the whole circumferential direction of the pipe
specimen is presented, as shown in Eq. (3).
Htangential average ¼
PðHn  Hn0Þ ðn ¼ 1; 3; :::; 31Þ
number of tangential sensors
(3)
Fig. 14. Comparison of peak to peak amplitude of the normal magnetic ﬁeld perturbation from notches as a function of external bias ﬁeld for (a) the face notched specimen and (b) the side
notched specimen.
Fig. 15. Normal magnetic ﬁeld measured at different loading and unloading steps of face notched sample. The solid and dashed lines indicate the loading and unloading steps, respectively.
Fig. 16. Comparison of peak to peak amplitude of the normal magnetic ﬁeld during loading and unloading steps for (a) face notched specimen and (b) side notched specimen.
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where Hn0 is the initial tangential magnetic ﬁeld.
The normal ﬁeld almost varies approximately sinusoidally along the
circumferential direction of the pipe specimen. To average the normal
magnetic ﬁeld, three steps were used as follows:
(1) The initial normal magnetic ﬁeld was subtracted as this is related
to the remnant magnetization.
(2) The sum values of the top normal sensors (
P
Htop) and bottom
normal sensors (
P
Hbottom) were calculated, respectively.
(3) The averaged normal ﬁeld is obtained by
Hnormal average ¼
P
Htop 
P
Hbottom
number of normal sensors
(4)
To present the experimental data more clearly, the raw data was
compressed according to Eqs. (3) and (4); after this, the magnetization
change during six load cycles can be obtained. It was found that the re-
sults on repeat loading cycles to the same maximum load were almost
identical to those of the ﬁrst cycle. Therefore only the average results are
presented in Fig. 19, the arrows indicating loading or unloading. An
irreversible change is seen in initial loading to a given load, while sub-
sequent unloading and reloading gives reversible changes. However the
effect is small (about 25 A/m maximum compared with the Earth's
magnetic ﬁeld ~40 A/m).
The dog-bone sample should produce a stronger MMM signal than the
pipe specimen for the same level of applied stress, but Fig. 19 shows that
the magnetization change of the pipe specimen is about 25 A/m under
250 MPa stress, while the magnetization change of the dog-bone spec-
imen is 10 A/m under 250 MPa stress as shown in Fig. 10. The reason for
the larger magnetization change of the pipe specimen is due to the in-
ﬂuence of the Testometric machine. There are two support arms of the
machine that are made of ferromagnetic material. The gap between the
pipe specimen and the arms is small (about 25 mm) so the pipe specimen
was in the magnetic return path and the external bias magnetic ﬁeld was
reinforced, which caused a larger magnetization change under the same
level of applied stress [13].
The MMM technique has been implemented as a periodic screening
inspection tool and reported to be capable of measuring stress concen-
tration and detecting defects. However, these results indicate that it will
not be a useful technique in practice in the ﬁeld for these steel alloys.
4.6. Variety of steels with side notches
Since complex tests conducted on full-scale pipes produced very
similar results to those obtained by much simpler means on simple, small
machined specimens, it was decided to investigate whether the cumu-
lative magnetoplastic effect could be found in other materials on the side-
notched dog-bone specimen shown in Fig. 7(b) with dimensions listed in
Table 1. Specimens of each of 20 structural steels were prepared and
loaded and unloaded in steps (5% yield strength). The normal
component of magnetic ﬁeld was processed using the ﬁlter steps 1–3
outlined previously in Section 4.3. Fig. 16 shows that the peak to peak
amplitude of the magnetic ﬁeld varies with load and this erratic behavior
was seen in the tests on all the steels. Table 2 shows themaximum peak to
peak amplitude for each steel; from Fig. 16(b), this is 5.2 A/m for the
Fig. 17. Normal magnetic ﬁeld measured at different loading and unloading steps with
remanent magnetization. The solid and dashed lines indicate the loading and unloading
steps, respectively.
Fig. 18. Magnetization change during loading and unloading steps for a side notched
sample with remanent magnetization.
Fig. 19. (a) Tangential and (b) normal magnetic ﬁeld change of pipe sample measured during bending test.
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4140-L80 steel.
Table 2 indicates that there are measurable MMM effects of the steels
tested, but again they are very small (up to about 21 A/m maximum
compared with the Earth's magnetic ﬁeld ~40 A/m). The results pre-
sented here also show no evidence of a cumulative plastic magneto-
mechanical effect on different steels tested.
5. Discussion
The primary question this study raised was whether the magnetic
memory exhibited by common Grade L80 pipe steels and other structural
steels conforms to the relatively weak magneto-mechanical effect pre-
dicted by Jiles and Atherton [13,14] or to the empirical observations of a
stronger cumulative magnetoplastic effect reported by Dubov [6] and
others. Both effects occur in the presence of weak external magnetic
ﬁelds such as the natural geomagnetic ﬁeld (30–50 A/m). In the case of
the well understood ordinary magneto-mechanic effect, application of
stress tends to release the pinned domain walls and thereby diminishes
the magnetic hysteresis. This leads to an irreversible change of magne-
tization towards the anhysteretic equilibrium in the material at the
prevailing external magnetic ﬁeld level. This irreversible change towards
the anhysteretic equilibrium value could be either positive or negative
depending on the initial magnetization. If the material is in a demagne-
tized initial state, the change of magnetization will be positive, i.e., in the
direction of the external magnetic ﬁeld, because the initial magnetization
curve of ferromagnetic materials always lies below the anhysteretic curve
[50]. Movement of pinned domain walls is similar to dislocation motion
under plastic deformation, but we will reserve the term “plastic” change
to irreversible mechanical deformation. Most of the irreversible change
of magnetization occurs in the ﬁrst cycle of loading. However, the
anhysteretic magnetization is also slightly stress dependent because of
domain-wall bending, a phenomenon analogous to dislocation bending
during elastic mechanical deformation, which leads to relatively small
reversible changes of magnetization during the following cycles.
Let us consider cycling at the same stress level as earlier shown in
Fig. 1. Regardless whether the ﬁrst cycle is purely elastic or partially
plastic, it is the only one that causes relatively large irreversible changes
in magnetization. Subsequent fully elastic cycles cause only small
reversible changes in magnetization due to the stress-dependence of the
anhysteretic magnetization curve. If the peak stress level is increased at a
given point during cycling, the immediately following next cycle will act
as a new “ﬁrst” cycle at that peak stress level and likely cause signiﬁcant
irreversible changes in magnetization. Further cycles up to the previous
peak stress level are fully elastic and cause only relatively small revers-
ible changes in magnetization. It is worth citing what Bozorth wrote
about this critical issue in his seminal monograph on ferromagnetism
[51]: “When H (magnetic ﬁeld) is applied ﬁrst and maintained constant,
successive applications and release of sigma (stress) cause unequal
changes in B (ﬂux density) until the process has been repeated a number
of times, thus for the 'cyclic state' the change in B produced by the stress is
often considerably less than for the ﬁrst application of the same stress.”
As described by Dubov [5,6], the so-called Metal Magnetic Memory
method is based on a much stronger cumulative process of “self-
magnetization” in ferromagnetic bodies. Such self-magnetization occurs
when the strain-induced magnetization due to the inverse magneto-
strictive effect (also known as Villari effect) is much stronger than the
weak external magnetic ﬁeld. Although there is little doubt that cumu-
lative self-magnetization can occur in ferromagnetic materials when
exposed to cyclic deformation in the presence of a weak external mag-
netic ﬁeld, very little is known in the scientiﬁc literature about the
magnitude of this “magnetoplastic” effect in engineering materials such
as commonly used pipe steels. There is plenty of evidence that the Metal
Magnetic Memory method can be exploited for ﬂaw detection when it is
used just like any other residual magnetic ﬂux leakage technique to
detect surface-breaking cracks or subsurface ones at shallow depths,
though its selectivity is questionable as there are many competing in-
ﬂuences on the magnetization of the material [52–54]. However, the use
of this NDE method for quantitative materials characterization crucially
depends on whether a cumulative process of self-magnetization occurs in
typical engineering materials, such as pipe steels, an issue that is highly
relevant from the points of view of both scientiﬁc research and engi-
neering applications. The principal experimental results presented in
Figs. 10–12, 18, and 19 clearly demonstrate that the behavior of the three
common Grade L80 pipe steels (4140-L80, 9CR-L80, 13CR-L80) and
twenty other structural steels tested in our study conforms to the weak
magneto-mechanical effect predicted by Jiles and Atherton [13,14] and
showed no indication of the cumulative magnetoplastic effect that is
required for the MMM as described by Dubov et al. to be capable of
reliably detecting small area of stress concentration. Distinguishing be-
tween these two competing magnetization mechanisms is rendered easy
and unequivocal by the fact that in the former case cyclic loading erases
rather than builds up the magnetic memory. In this study, the stress
concentration is due to geometrical wall thinning that would occur due to
corrosion or erosion; it may be that other mechanisms such as fatigue
may involve local dislocation enhancement or porosity, which act as local
pinning points for Bloch wall movement [55]. These local pinning points
are magnetic dipoles which may increase self-magnetization.
6. Conclusions
The magneto-mechanical memory (MMM) signal on the surfaces of
L80 and 20 other structural steel specimens was recorded by AMR sensor
arrays. The results show evidence of the residual magnetic leakage ﬁeld
(RMLF) signal due to applied load and the presence of notches as would
be expected. A matched ﬁlter was applied to the results in order to extract
the small perturbation on the magnetic signal. The main conclusions are:
 The stress history affects the MMM signal, but the effects are small in
the steel samples tested.
 An irreversible change is seen in the initial elastic loading to a given
load, while subsequent unloading and reloading at the same elastic
stress level gives reversible changes.
 There is no evidence that plastic deformation builds up a cumulative
magnetization; rather, it tends to erase the MMM signal.
 The perturbation of the magnetic signal due to notches without load is
proportional to the applied magnetic ﬁeld. Plastic deformation and
residual stress generated around the notches after loading will in-
crease the remanent ﬂux leakage, but it remains small.
The results presented here showed no indication of the cumulative
magnetoplastic effect that is required for the MMM as described by
Dubov et al. to be capable of reliably detecting small areas of stress
concentration. These observations suggest that the MMM effect is very
small in the different grades of L80 pipeline steels and other structural
Table 2
Maximum magnetization change during loading and unloading of different steels.
Steel type Amplitude of magnetic
ﬁeld (A/m)
Steel type Amplitude of magnetic
ﬁeld (A/m)
1.0570 5.5 708M40 6.8
1.2083 4.2 EN9 8
1.2312 13 EN32 6.5
1.2343 14 EN42 8
1.2363 9 EN43 5.3
1.2379/
D2
7.3 EN45 6.4
1.2436 8.7 EN47 8.4
1.2510/
O1
10.1 S275 4.8
1.2767 10 S355J2þN 6
1.7131 6 X65 6.2
4140-L80 5.2 13CR-L80 19.3
9CR-L80 21
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steels that have been tested and it will not be a useful technique in
practice in the ﬁeld for these steel alloys.
Naturally, the absence of evidence for cumulative magnetization
upon cyclic loading in our results does not constitute evidence of absence
in general. Because of the obvious advantages of an NDE inspection
method based on cumulative self-magnetization over other potential
NDE methods available for assessment of remaining strength and service
life, the NDE community cannot afford to give up on an opportunity like
this. When a cumulative increase of RMLF is detected, special care will
have to be taken to ascertain whether the effect is caused by increasing
self-magnetization of the material or ordinary residual magnetic ﬂux
leakage caused by the nucleation and growth of otherwise undetectable
microcracks. The inﬂuence of fatigue cracks (microcracks and marcoc-
racks) on the MMM signal will be studied in further work. The 23 steels
tested here are the start of an open data base and we encourage other
researchers working in this ﬁeld to contribute their results in the hope of
establishing the speciﬁc conditions (alloying, temper, microstructure,
hardness, etc.) under which the Metal Magnetic Memory method based
on a cumulative magnetoplastic effect might be used reliably for quan-
titative materials characterization or, if that turns out to be not feasible,
at least for pre-screening before more sophisticated inspection.
Acknowledgements
This work was supported by the UK Engineering and Physical Sci-
ences Research Council (EPSRC), grant number EP/L022125/1, through
the UK Research Center in NDE (RCNDE).
Appendix
The purpose of this appendix is to show the detailed chemical composition and mechanical properties of the steels used in the tests. The raw
magnetic measurement data shown in Table 2 will be included in the electronic appendix upon publication.
Table 1
Chemical composition of steels used in this paper (wt%) [39–45].
C Mn Mo Cr Ni Cu P S Si V other
4140-L80 0.38–0.43 0.75–1.0 0.15–0.25 0.8–1.1 0.25 0.25 0.025 0.025 0.35 0.3 Al<0.04
9CR-L80 0.15 0.3–0.6 0.9–1.1 8–10 0.5 0.25 0.02 0.01 1 – –
13CR-L80 0.15–0.22 0.25–1 – 12–14 0.5 0.25 0.02 0.01 1 – –
1.0570 0.20 1–1.6 0.08 0.3 0.3 – 0.035 0.035 0.55 0.02–0.15 –
1.2083 0.36–0.42 1.00 – 12.5–14.5 – – 0.03 0.03 1.00 – –
1.2312 0.35–0.45 1.4–1.6 0.15–0.25 1.8–2 – – 0.03 0.05–0.1 0.3–0.5 – –
1.2343 0.36–0.42 0.3–0.5 1.1–1.4 4.8–5.8 – – 0.03 0.03 0.9–1.2 0.25–0.5 –
1.2363 0.95–1.05 0.4–0.8 0.9–1.2 4.8–5.5 – – 0.03 0.03 0.1–0.4 0.15–0.35 –
1.2379/D2 1.45–1.6 0.2–0.6 0.7–1 11–13 – – 0.03 0.03 – 0.7–1 –
1.2436 2–2.3 0.3–0.6 – 11–13 – – 0.03 0.03 0.1–0.4 – W 0.6–0.8
1.2510/O1 0.9–1.05 1–1.2 – 0.5–0.7 0.3 – 0.035 0.035 0.15–0.35 0.05–0.15 W 0.5–0.7
1.2767 0.4–0.5 0.2–0.5 0.15–0.35 1.2–1.5 3.8–4.3 – 0.03 0.03 0.1–0.4 – –
1.7131 0.14–0.19 1–1.3 – 0.8–1.1 – – 0.025 0.035 0.4 – –
708M40 0.36–0.44 0.7–1 0.15–0.25 0.9–1.2 – – 0.035 0.04 0.1–0.35 – –
EN9 0.5–0.6 0.5–0.8 – – – – 0.06 0.06 0.05–0.35 – –
EN32 0.1–0.18 0.6–1 – – – – 0.05 0.05 0.05–0.35 – –
EN42 0.7–0.8 0.55–0.75 – – – – 0.05 0.05 0.1–0.4 – –
EN43 0.45–0.6 0.6–0.8 – – – – 0.05 0.05 0.1–0.4 – –
EN45 0.5–0.6 0.7–1 – – – – 0.05 0.05 1.5–2 – –
EN47 0.45–0.55 0.5–0.8 – 0.8–1.2 – – 0.06 0.06 0.05 0.15 –
S275 0.25 1.6 – – – – 0.04 0.05 0.05 – –
S355J2þN 0.2 1.6 – – – – 0.025 0.025 0.55 – –
X65 0.04–0.16 1–1.6 – – – – 0.035 0.035 0.55 – –
Table 2
Mechanical properties of steels used in this paper [39–45].
Steel Yield strength (MPa) Ultimate strength (MPa)
4140-L80 552 689
9CR-L80 552 655
13CR-L80 552 655
1.0570 345 470–630
1.2083 486 495
1.2312 620 859
1.2343 350–550 650–880
1.2363 450 750
1.2379/D2 550 850
1.2436 450 860
1.2510/O1 597 668
1.2767 645 880
1.7131 420 550
708M40 525 775–925
EN9 355 700
EN32 330 430
EN42 483 924
EN43 325 618
EN45 376 615
EN47 368 852
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Table 2 (continued )
Steel Yield strength (MPa) Ultimate strength (MPa)
S275 275 410
S355J2þN 355 470–630
X65 448 530
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A B S T R A C T
The Magnetic Tomography Method (MTM), a passive Non-Destructive Testing (NDT) technique based on the
magneto-mechanical effect, has been claimed to be able to detect defects at large (>1 m) stand-off distances. In
this study, the MTM signal was studied experimentally on a 4140-L80 pipe sample, in which a ﬂat bottom defect
was electrochemically generated. The Residual Magnetic Leakage Field (RMLF) signal was recorded using an
annular array of AMR sensors. The experimental results show perturbations due to the defect (about 12 dB above
noise level) only when the AMR sensors were positioned at a very low stand-off. The presence of ferromagnetic
objects near the sensors could cause perturbations many times larger than that from a defect (about 18 dB above
the noise level). A Finite Element (FE) model validated the experimental results. The model showed that there is a
signiﬁcant risk of false indications due to foreign ferromagnetic objects when measuring at a large distance from
the pipe.
1. Introduction
Pipelines provide the most efﬁcient means to transport oil and gas so
ensuring their safe and reliable operation is of utmost importance [1].
With environmental interaction and time-dependent degradation, pipe-
lines are unavoidably subject to corrosion, so they must be periodically
inspected to maintain safe operation [2]. A well-proven method for the
routine inspection of pipelines uses In-Line Inspection (ILI) tools or smart
pigs which utilize Non-Destructive Testing (NDT) techniques such as
Magnetic Flux Leakage (MFL) and Ultrasonic Tools (UT) [2,3]. A large
proportion of installed pipelines, however, have properties that restrict
the use of pigging [4], so alternative means of inspection that are applied
from outside the pipe are required. A range of externally applied tech-
niques are available including Guided Wave Testing (GWT) [5–7], Eddy
Current (EC) method [8–10] and Radiography [11,12].
Non-contact magnetic technology can be used for the inspection of
metal pipelines where the ILI is difﬁcult or impossible. The Magneto-
Mechanical Memory (MMM) method, which is also referred to as the
Metal Magnetic Memory method [13,14], has been applied to pipeline
inspection by measuring the Residual Magnetic Leakage Field (RMLF)
above a pipe [15,16]. The underlying physical phenomenon behind the
MMM technique is the so-called magneto-mechanical effect [17], in
which stress concentration in a ferromagnetic material causes an
ampliﬁcation of magnetization change. The stress-induced magnetiza-
tion is, however, a function of several inseparable variables and it is not
possible to retrieve an invertible relationship between the local stress
level and the RMLF signal [18,19]. The MMM technique has shown some
false calls in site trials [20], indicating that it will be difﬁcult to make it a
reliable technique in practice.
The Magnetic Tomography Method (MTM) has been implemented
predominantly in Russia for assessing the safety and integrity of ferro-
magnetic pipelines [21]. MTM is a passive NDT method which uses the
“natural” magnetization of ferrous pipes by the Earth's magnetic ﬁeld
[21,22]. It is based on measurement of the distortions of RMLF that are
due to the changes in the magnetization of a ferrous material when
subjected to mechanical stress or corrosion. Practitioners of the tech-
nique claim that MTM does not measure the dimensions of geometric
defects alone but also the stress caused by these defects (often labelled
the stress-deformed condition of the pipe) [21]. It is claimed that the
MTM technique can detect defects at very large stand-off distances
[21–24]. However, the leakage magnetic ﬁeld can be affected by various
parameters such as nearby ferromagnetic materials, remanent magneti-
zation left during prior magnetic ﬂux leakage detection, and interference
from surrounding high power transmission lines [22]. Li et al. used a
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model based on magnetic dipole theory to predict the Ground Magnetic
Leakage Field (GMLF) that would be measured above a buried pipe. The
model did not consider the remainder of the ferromagnetic pipe sur-
rounding the magnetized region that would affect the path of the mag-
netic ﬂux [25]. A revision of the model with the pipe material included
found that the GMLF would be signiﬁcantly lower than the original
prediction [26].
In this paper, the MTM technique will be studied by experiments and
Finite Element (FE) simulation. The perturbation of the magnetic ﬁeld
surrounding a pipe due to the defect and ferromagnetic objects was
assessed. In Section 2, the experimental setup is introduced. The meth-
odology is outlined and the experimental results of magnetic perturba-
tion due to a ﬂat bottom defect are given in Section 3. Studies of the
inﬂuence of nearby ferromagnetic objects completed with a validated FE
model follow in Section 4. Initially, the FE model is introduced in Section
4.1 then validated by experiments in Section 4.2. Section 4.3 analyzes the
false call risk due to surrounding ferromagnetic objects and Section 5
concludes the paper.
2. Experimental setup
A 480 mm long pipe sample made from 4140-L80 alloy steel [27],
which is commonly used for pipelines in the petrochemical industry, was
used. Its chemical composition and mechanical properties are shown in
Tables 1 and 2, respectively. The outer diameter and the wall thickness of
the pipe sample are 60.32 mm and 4.83 mm, respectively.
For the purpose of studying pipe corrosion, a ﬂat bottom defect with
oval shape cross section was generated in the outer surface of a pipe
sample using an electrochemical method [28], as shown in Fig. 1. The
long and short axes of the oval defect are 19.5 mm and 16 mm, respec-
tively and the defect depth is 2.52 mm.
The normal and tangential components of magnetic ﬁeld of the pipe
sample were measured by two ring magnetic sensor arrays on the outer
surface of the pipe. Each magnetic sensor array consists of 16 channels (8
normal channels and 8 tangential channels) of AMR sensors AFF755B, of
Table 1
Chemical Composition of 4140-L80 steel (wt.%) [27].
C Mn Mo Cr Ni Cu P S Si V Al
Min 0.380 0.750 0.150 0.800 – – – – – – –
Max 0.430 1.000 0.250 1.100 0.250 0.250 0.025 0.025 0.350 0.300 0.040
Table 2
Mechanical properties of 4140-L80 steel [27].
Yield strength (MPa) Tensile strength (MPa) Elongation
Min 552 689 –
Max 655 – 20%
Fig. 1. Flat bottom hole with oval shape cross section generated by electrochemical
method. (a) Photograph in top view and schematic diagrams in (b) front view and (c)
side view.
Fig. 2. Conﬁguration of the ring AMR sensor arrays. The tangential magnetic ﬁeld sensors
were marked by odd numbers (red), while the normal ones were marked by even
numbers (green).
Fig. 3. Schematic diagram of the hardware circuit.
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which the resolution is 1.6 mA/m and the sensitivity is 15 (mV/V)/(kA/
m) [29]. Here, the normal component is normal to the specimen surface,
while tangential means parallel to the specimen surface in the axial di-
rection of the pipe. The AMR sensors were ﬁxed using two 3D printed
ABS plastic sensor holders, as shown in Fig. 2. The tangential magnetic
ﬁeld sensors were marked by odd numbers (red), while the normal ones
were marked by even numbers (green). The tangential and normal
magnetic ﬁeld sensors were placed alternately in the circumferential
direction. After ﬁxing the two sensor holders using brass screws, the
stand-off distance between AMR sensors and the pipe surface was 1 mm.
To study the inﬂuence of the stand-off distance of the AMR sensors,
another pair of holders was produced to give a 20 mm stand-off distance
of the sensors from the pipe.
An electrical circuit was designed to control the 32 channels of AMR
sensors, as shown in Fig. 3. The AMR sensors were powered by a constant
voltage power supply. The multiplexer, which consists of 4  16 chan-
nels, was divided into two groups and controlled by a Pico data logger to
switch the differential outputs of the AMR sensors into a two-channel
ampliﬁcation circuit. The ampliﬁed voltages were captured by the Pico
data logger and then sent to a PC for post processing.
3. Experiments
3.1. Experimental methodology
The leakage magnetic ﬁeld measured by MTM is due to the natural
magnetization of the stressed or corroded pipe under the Earth's mag-
netic ﬁeld [21,22]. For this reason, the experiments were carried out at
room temperature and in the presence of the Earth's magnetic ﬁeld.
Magnetic measurements were taken in the middle of the lab away from
ferromagnetic materials.
Firstly, to study the inﬂuence of the strength and direction of the
Earth's magnetic ﬁeld, the pipe specimen was placed in three positions:
(1) Horizontal and in the west-east direction with defect upward;
(2) Horizontal and in the south-north direction with defect upward;
(3) Vertical direction with defect northward.
Magnetic measurements were taken using the ring AMR sensor arrays
shown in Fig. 2 with a stand-off distance 1 mm. The total scanning length
along the axial direction of the pipe sample was 400 mmwith 5 mm axial
resolution.
3.2. Results and analysis
The results presented in this section are associated with measure-
ments when the pipe sample was placed vertically with the defect
northward, as this was the conﬁguration that resulted in the largest
perturbations in the magnetic ﬁeld surrounding the pipe. This was
consistent with the estimated geomagnetic ﬁeld from survey data at the
test location value being maximal in this direction with a vertical
component of 36 A/m [30]. The proﬁles shown have been linearly
interpolated for visual clarity [31]. Fig. 4 presents the interpolated
magnetic ﬁeld measured using the ring AMR sensor arrays at 1 mm
stand-off distance. Some perturbation at the defect location could be
seen in both the normal and tangential signals, but the change was al-
ways larger in the normal ﬁeld so only this component is pre-
sented here.
The magnetic signal of the defect in Fig. 4(a) is dominated by the
signal due to the pipe geometry which makes analysis of the correlation
with the controlled input parameters difﬁcult. In previous work, a
matched ﬁlter was successful in taking advantage of the a-priori knowl-
edge of the system to suppress the noise that does not match the expected
behavior of the signal [32]. A similar approach was therefore applied
here. One must take care in the interpretation of the ﬁltered data as a
limitation with this approach is that noise that matches the expected
behavior of the signal will pass through the ﬁlter. The ﬁlter is also
applicable only to simple situations with a known specimen geometry.
The ﬁlter steps for the scanning results of each normal AMR sensor are
outlined below:
(1) The general slope of the data for each normal AMR sensor was
removed as this is only related to the specimen geometry.
(2) The average value of the ﬁeld was subtracted, as (when consid-
ering just the ﬁelds of which the source is inside the pipe) the
signal in the normal magnetic ﬁeld on the specimen surface should
have odd symmetry with a vanishing average.
(3) The normal magnetic ﬁeld data equidistant from the sample
center were averaged with an inverted sign as the normal ﬁeld
produced by magnetization exhibits odd symmetry about the
defect center (which is halfway along the sample length).
The processed data after matched ﬁltering is shown in Fig. 4(b). These
data show the passive RMLF in the conﬁguration where the pipe is
maximally aligned with the geomagnetic ﬁeld. The defect is expected at
the origin of the ﬁgure as indicated by red line. The perturbation of the
defect from both the normal and tangential magnetic ﬁeld signal is about
Fig. 4. (a) Normal magnetic ﬁeld distribution with array at 1 mm stand-off after linear interpolation when the pipe sample was placed vertically (aligned with the maximal component of
the geomagnetic ﬁeld) with the defect northward. (b) After application of matched ﬁlter.
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12 dB above the noise level. The measurement was repeated with the
pipe in the west-east direction and the south-north direction where the
RMLF from the defect appeared visible but was about 8 dB above the
noise level. The experiment was repeated with the array at 20 mm stand-
off. The results in Fig. 5 show that even after the application of the
matched ﬁlter, the defect is still not at all distinguishable from the sur-
rounding noise.
4. Finite element simulation
4.1. Model overview
FE modelling is an effective tool that allows efﬁcient and cost-
effective investigation into the parameters that affect the RMLF signal
such as defect morphology and other sources of magnetic perturbation.
Fig. 6 shows a schematic diagram of the FE model built in COMSOL. The
pipe dimensions match those given in Fig. 1. A background magnetic
ﬁeld of 19 μT⋅beyþ 45 μT⋅bez was deﬁned to emulate the level measured in
the laboratory [30]. The pipe remanent magnetization was 120 A/m⋅bez
and the relative magnetic permeability was μr¼ 100. A volume of air was
deﬁned outside of the pipe sufﬁciently large enough not to artiﬁcially
restrict the path of the magnetic ﬂux.
A primary use case for MTM is to measure buried pipes where the
environment immediately surrounding the pipe may contain objects that
could inﬂuence the measured magnetic ﬁeld. Nearby ferromagnetic
material could cause distortion of the magnetic ﬂux due to its high
magnetic permeability, which may result in signals similar in shape to
those from defects. An iron rod and a cube with volume of 1 cm3, shown
in Figs. 6 and 7, were deﬁned in the FE model to represent objects that
may be found nearby the pipe such as a nail, nut or bolt. A remanent
magnetization was deﬁned such that the ﬁeld just outside the object
matched the level measured using a Gauss meter with the equivalent
geometry in the laboratory. The relative magnetic permeability of the
object was μr ¼ 900.
4.2. Validation of model
Fig. 8 shows signals predicted by FE from the defect discussed in
Section 2 and the rod in comparison to the equivalent experiment where
the rod was positioned 90 azimuthally from the defect, the sensor stand-
off is 1 mm and the rod is at 30 mm stand-off. Fig. 8(c) shows the axial
line passing through the defect signal at 0 in black, and through the rod
signal at 90 in red. The matched ﬁlter has been applied to both exper-
imental and simulated data with the array at 1 mm stand-off. The sharp
peaks in the defect signal are due to the small distance between the
sensors and defect, and there is a good overall agreement between the FE
and experiment for the defect signal. The gradient of the rod measure-
ment is also in good agreement with FE near the zero-crossing and the
signal amplitudes are similar; however, the increased width of the peaks
in the experimental signal is likely due to incoherent noise that matches
the characteristics of the matched ﬁlter and is therefore not suppressed.
To provide additional model validation, the annular AMR sensor ar-
rays with two different sensor stand-off distances were used to measure
the magnetic ﬁeld surrounding the pipe sample when a rod and cube
(Fig. 7) were present near the sensor array. The objects, cut from mild
steel samples, were placed at two distances from the outer surface of the
pipe sample and oriented 0, 90 and 180 from defect, as shown in
Fig. 9. The squares at 12, 6 and 9 o'clock show the positions of the foreign
ferromagnetic objects, which can be either the rod or the cube.
Fig. 10 shows the magnetic ﬁeld distribution measured by the ring
AMR sensor arrays with 20 mm stand-off distance when the rod was
aligned with the pipe axis 10 mm from the pipe and directly above the
defect (Fig. 10(a and b)), and 50 mm from the pipe and 90 offset from
the defect (Fig. 10(c and d)). In each case, there is good agreement be-
tween the FE and experiment.
In Fig. 10(a and b), the defect signal is completely masked by the
signal caused by ﬂux concentration of the ferromagnetic rod. When the
rod was placed between the pipe sample and the AMR sensors in this
conﬁguration, the magnetic signal from the rod is about 18 dB greater
than the noise signal. It can be seen in Fig. 10(c and d) that the pertur-
bations in the magnetic ﬁeld resulting from distortion by the ferromag-
netic rod when aligned with the pipe axis are larger than the
defect signal.
Fig. 11 shows the conﬁguration of Fig. 10(a and b) with a cube in
Fig. 5. Normal magnetic ﬁeld component with array at 20 mm stand-off.
Fig. 6. Schematic diagram of the FE model showing the solution surface at 20 mm stand-
off and a ferromagnetic rod located at 10 mm stand-off and 180 from the defect.
Fig. 7. Geometry and dimensions of the iron cube and rod.
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Fig. 8. Magnetic ﬁeld proﬁle at 1 mm stand-off from pipe with a mild steel rod positioned 90 azimuthally and 30 mm radially away from a ﬂat-bottomed defect. 2D proﬁles of (a) FE and
(b) interpolated experimental data. (c) Axial lines bisecting the maximum perturbation of the signals due to the defect and the rod.
Fig. 9. Conﬁguration of the nearby ferromagnetic objects by using ring AMR sensor arrays with (a) 1 mm and (b) 20 mm sensor stand-off distance, respectively. Only one object was in
place in a given test.
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place of the rod and offset from the defect by 90. The spatial distribu-
tions of the defect and cube signals show good agreement between FE
and measurement. The apparent higher amplitude in the FE is due to the
uncertainty in the cube magnetization and the sampling locations of the
measurement before interpolation not being exactly on the rod signal
peaks, which are localized to a small area. At the same stand-off, the cube
signal is about 5 times smaller than that due to the rod due to the
demagnetizing factors for different geometries [33].
4.3. False call risk of ferromagnetic objects
Having validated the FE model for both the defect and ferromagnetic
Fig. 10. Normal magnetic ﬁeld distributions at 20 mm stand-off. (a) Modelled and (b) measured when rod aligned with the pipe axis was 10 mm away from the pipe surface and oriented
0 from the defect; (c) modelled and (d) measured when rod was 50 mm away from the pipe surface and oriented 90 from the defect.
Fig. 11. (a) FE prediction and (b) measurement of normal magnetic ﬁeld distribution at 20 mm stand-off with 1 cm3 iron cube 10 mm from the pipe and 90 from the defect.
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object signals in multiple cases, it could then be used to accurately pre-
dict the level of perturbation in the magnetic ﬁeld due to such objects in
different conﬁgurations. The model was used to predict the likelihood of
such objects resulting in false calls. Fig. 12 shows the peak-to-peak
perturbation in the magnetic ﬁeld caused by the 5 mm diameter,
50 mm long rod (μr ¼ 900) of Fig. 7, aligned parallel to the pipe axis and
at varying radial distance from the pipe. The solid lines show the peak-to-
peak amplitude of the signal caused by the rod, predicted on a cylindrical
surface which represents an annular array with high sensor density
performing a scan along the pipe axis at stand-off distances of 1 mm,
20 mm and 40 mm. The peak-to-peak magnetic ﬁeld perturbation caused
by a ﬂat-bottomed defect representing the corrosion patch used in the
experimental studies is plotted as horizontal dashed lines for comparison.
The crossing points of the solid and dashed lines of the same color
represent the radial distance from the pipe that an array would be
positioned to measure equal amplitude signals from the defect and from
the ferromagnetic rod.
The array-rod separation is then plotted against array stand-off using
black markers in Fig. 13(a). These data represent the minimum radial
distance from the array that the ferromagnetic rod would need to be
positioned to cause a signal perturbation equal to or smaller than the
amplitude of the defect signal. Plotted in red are the distances where the
rod signal is exactly 6 dB below the defect amplitude for various values of
array stand-off. Between these two lines, the rod signal is less than 6 dB
below the defect signal, so represents some false call risk. The data has
been ﬁtted via linear interpolation for clarity. Fig. 13(b) shows the same
data, but with the stand-off extrapolated to 1 m to demonstrate the risk of
false calls for the stand-off distances reported in some practical MTM
tests [21–24].
These ﬁgures illustrate that when performing a scan with low stand-
off, nearby ferromagnetic objects are unlikely to cause false calls as the
magnetic indication from a defect is of a much higher amplitude than the
signal from any ferromagnetic object that is not in the immediate vicinity
of the sensor. For example, if performing a scan at 5mm stand-off, foreign
objects like a nail or bolt etc. similar in dimensions to the modelled rod
would need to be closer than 28 mm from the sensor to cause an indi-
cation like the defect signal. However, as the array stand-off is increased,
the defect signal diffuses and reduces in amplitude meaning that mag-
netic ﬂux distortion and/or remanent magnetization from ferromagnetic
objects can equal the defect signal amplitude even if they are distant from
the array. When the array stand-off is 40 mm, a nail closer than 88 mm
would cause a magnetic indication with amplitude greater than the
defect signal. The interfering distance increases approximately twice as
quickly as the array stand-off which implies that when measuring 1 m
from the pipe, ferromagnetic objects nearly 2 m from the sensor pose a
risk of false indications.
The pipe used for the present test was not subject to external stress,
though it should be noted that practitioners of the MTM technique sug-
gest that the RMLF signal from a defect could be enhanced by repeated
stress cycling of the pipe. If this were true and the signal could increase
multiple orders of magnitude, the interfering distance for ferromagnetic
objects and false call rate may decrease signiﬁcantly, however, recent
work suggests that this does not universally occur [20,32,34]. Bending
tests completed on this pipe sample did not signiﬁcantly change the
defect signal [32], and work is ongoing to determine whether the effect is
material speciﬁc.
5. Conclusions
MTM signals due to residual magnetic ﬂux leakage from corrosion
defects in a pipe measured by sensor arrays at different stand-offs were
predicted by FE and validated by experiments. The effect of nearby
ferromagnetic objects was also predicted and measured. The results
suggest that the RMLF from corrosion defects could be detectable and are
unlikely to suffer interference from such objects when the sensors are at a
low stand-off where the defect signals are relatively large and localized.
As the stand-off increases and the defect signal spreads out and reduces in
Fig. 12. Peak-to-peak magnetic ﬁeld signals predicted for an annular sensor array located
at 1 mm (black) 20 mm (red) and 40 mm stand-off. Solid lines: perturbation from 5 mm
diameter, 50 mm long ferromagnetic rod. Dashed lines: signal from ~18 mm diameter,
2.5 mm deep defect matching dimensions of electrochemical corrosion used
in experiment.
Fig. 13. Interfering distance for a 5 mm diameter, 50 mm long ferromagnetic rod to produce a magnetic perturbation similar in peak-to-peak amplitude to a 20 mm  16 mm  2.5 mm
corrosion patch. Solid lines are linear best ﬁt to data. Higher risk of false calls when rod signal > defect signal, some risk when within 6 dB. (b) shows (a) extrapolated to 1 m stand-off.
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amplitude, there is an increasing risk of interference from nearby ferro-
magnetic objects. For example, a signal from an object like a bolt 2 m
from the measuring sensors could result in a signal similar to an 18 mm
diameter, 2.5 mm deep (approximately 50% of the wall thickness) defect
when the sensor array is 1 m from the pipe. The weak signals from defects
at large stand-offs and the possibility of interference from relatively
remote ferromagnetic objects such as bolts, nuts etc. are likely causes of
the high false call rates seen in some trials of the technique.
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